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Abstract 
Growing worldwide energy demand coupled with an increasing awareness 
of anthropogenic climate change has driven research into carbon-neutral and 
solar-derived energy sources. One attractive strategy is the storage of solar energy 
in the bonds of H2 formed by photoelectrochemical (PEC) water splitting. 
Hematite, an iron oxide, has been widely investigated as a candidate 
material for PEC water splitting due to its stability, non-toxicity, earth abundance 
and consequent low cost, and a theoretical 15% solar-to-hydrogen conversion 
efficiency. However, poor electrical properties and slow rates of the water 
oxidation reaction have limited its potential as an economical water splitting 
catalyst. Additionally, the most efficient hematite-based devices are fabricated via 
expensive, vacuum-phase techniques, limiting scalability to broad integration into 
the energy supply. 
In this thesis, I develop a new, solution-based deposition method for high 
quality, planar hematite thin films using successive ionic layer adsorption and 
reaction (SILAR). The constant geometry and tight control over layer thickness 
possible with SILAR makes these films ideal model systems to understand the two 
key steps of PEC water oxidation: charge separation and interfacial hole transfer.  
In Chapter 3, I report on facile annealing treatments to dope hematite with 
Ti and Sn, and I show that these impurity atoms at the hematite/electrolyte 
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interface increase hole transfer efficiency from nearly 0 to above 60%. However, 
charge separation remains below 15% with these dopants incorporated via solid 
state diffusion, mainly due to low hole mobility. To overcome this associated small 
transport length, extremely thin hematite coatings were deposited on Sb:SnO2 
monolayer inverse opal scaffolds. With this modified substrate, photocurrent 
increased proportionately to the surface area of the scaffold. 
While Chapter 3 discusses incorporation of dopants via solid state 
diffusion, Chapter 4 examines methods to incorporate Ti via modified SILAR 
solutions. With this method, hematite films with well-controlled, uniform doping 
profiles were successfully fabricated. An optimal Ti concentration of 4.2% in the 
film enabled a charge separation efficiency of >20%, and I show that holes 
generated within 3 nm of the depletion region are separated with unity efficiency. 
With the addition of an ultrathin FeOOH overlayer, hole transfer efficiency is 
increased to 100% as a result of an increased concentration of reactive holes at the 
hematite/electrolyte interface. These combined effects lead to photocurrents >0.85 
mAcm-2 at 1.23 VRHE, which is competitive with champion planar films regardless 
of fabrication method.  
Importantly, the methods of fabrication and analysis described in this thesis 
are applicable to a wide range of materials for a variety of applications. The SILAR 
method can be applied to many compounds, provided their constituent atoms are 
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soluble in liquid solvents. Additionally, the facile optical and electrochemical 
measurements used to analyze hematite in Chapters 3 and 4 can be readily 
adapted to other semiconductor materials with the aim of understanding their 
charge transport properties. 
 
  
   1 
 
 
Chapter 1. Introduction 
1.1. Hydrogen for the world’s economy 
In 2015, the world consumed energy at a rate of 17.45 TW, and nearly 86% 
of this energy was produced using fossil fuels [1]. In contrast, only ~9.5% was 
produced by renewable sources (hydro, wind, solar, geothermal), and <3% was 
produced by non-hydro renewable sources [1]. The transportation sector is 
dominated by oil, while ~40% of electricity is produced using coal [2]. In 2013, 
fossil fuel combustion emitted more than 32,000 Mt of CO2, of which nearly 80% 
can be attributed to coal and oil sources. CO2, in addition to other pollutant gases, 
remains in the atmosphere and absorbs solar infrared radiation reflected from the 
earth’s surface [3]. This emission results in an increased average temperature of 
the atmosphere and oceans, leading to a wide range of climate changes that are 
overwhelmingly harmful [3]. Thus, rapid and far-reaching reduction in carbon-
emitting energy sources is necessary.  
Energy collection from sunlight offers a promising approach towards 
fulfilling the need for clean energy with small environmental impact. Solar energy 
is decentralized, inexhaustible, and of sufficient magnitude to match the global 
energy demand [1, 4]. However, due to the daily and seasonal variability in 
sunlight, energy harvested from the sun needs to be efficiently and easily stored, 
transported, and used on demand. A hydrogen-based economy represents a 
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scalable and environmentally benign solution the challenge of energy storage and 
distribution. Hydrogen is one of the most earth-abundant elements [5], and liquid 
hydrogen has the highest gravimetric energy density of any fuel or battery (~120 
MJ/kg, compared to ~12 MJ/kg for gasoline or 0.5 MJ/kg for Li-ion batteries) [6]. 
Additionally, it is readily transportable and easily stored. For example, NASA 
stores vast quantities of liquid hydrogen for space shuttle launches [7]. 
In a hydrogen economy (Scheme 1.1, from ref [8]), renewable energy 
sources distribute electricity to the grid as needed, and excess electricity is 
converted by electrolysis to hydrogen. Hydrogen can then be reconverted to 
electricity on-demand via fuel cells, overcoming the intermittency problem 
associated with many clean energy sources. In addition, chemical and 
transportation industry needs can be met via renewable hydrogen production. 
Carbon monoxide/hydrogen gas mixtures (syngas) are used for polymer, 
cosmetic, and pharmaceutical production via Fischer-Tropsch synthesis, and 
ammonia synthesis for fertilizers requires hydrogen in the Haber-Bosch process. 
Both are already established processes critical to the economy, but the hydrogen 
is mainly sourced from methane steam reforming at high temperatures, and so is 
neither renewable nor carbon-neutral [9]. 
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Hydrogen produced via renewable methods can also be distributed as a 
fuel for transportation. Vehicles with fuel technology are currently on the market, 
and some fuel cell vehicles (Toyota Mirai, MSRP $57,500, [10]) are competitive 
with electric vehicles (Tesla Model S, MSRP $69,500, [11]) already. The central 
challenge to this envisioned economy is the production, at scale, of cost-efficient 
hydrogen from renewable energy sources. 
 
 
 
Scheme 1.1. Representation of important aspects of a hydrogen economy based on renewable 
energy sources. Excess electricity generated can be stored as hydrogen. Another option for 
direct production of hydrogen is via photoelectrochemical water splitting, the focus of this thesis. 
Uses for hydrogen include on-demand electricity generation, chemical synthesis, and 
transportation fuels. Reproduced with permission from ref [8]. 
   4 
 
 
1.2. Photoelectrochemical water splitting 
 Water splitting (electrolysis) is the decomposition of water into hydrogen 
and oxygen via an electrochemical reaction as described below for alkaline 
conditions. 
 
 
In principle, the minimum required voltage for this reaction is 1.23 V at 25 °C. In 
practice, however, overpotential losses at the cathode, anode, and in the electrolyte 
solution require an additional overvoltage of ~700 mV at realistic operating 
conditions [12]. In standard electrolysis, electricity supplies this voltage, and could 
be produced via renewable sources, such as photovoltaic devices. Direct 
photoelectrolysis, however, is expected to have advantages over a separated 
system because PEC cells avoid significant fabrication and systems costs [13]. PEC 
water splitting is additionally attractive because an electric field which drives 
charge separation is easily generated at a semiconductor/electrolyte junction [14]. 
 Direct photoelectrochemical water splitting with hematite (α-Fe2O3) as the 
photoactive anode is shown in Scheme 1.2. The water splitting process begins with 
the absorption of a photon with sufficient energy to excite an electron from the 
valence band to conduction band, leaving behind a hole in the valence band. The 
Cathode (Reduction): 2ܪଶܱ + 2݁ି → ܪଶ + 2ܱܪି 
Anode (Oxidation): 2ܱܪି → ଵ
ଶ
ܱଶ + ܪଶܱ + 2݁ି 
Overall: ܪଶܱ → ܪଶ +
ଵ
ଶ
ܱଶ 
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electron migrates to the back contact (in this example, F:SnO2) and travels through 
an external circuit to the cathode where it reduces water and evolves hydrogen 
gas. The hole, meanwhile, is segregated to the anode surface where it oxidizes 
water, evolving oxygen gas and completing the overall redox reaction listed 
above.  
 
 
 
 
 
 
  It is possible to use semiconductors capable of absorbing sunlight as both 
the cathode and anode. When these semiconductors are connected in series their 
voltages add, and water splitting is possible in a standalone device that does not 
require an external circuit or additional bias to operate. More details on these 
devices are given elsewhere [12, 15].  
 
 
Circuit 
1.23 eV 
–  
2.1 eV + 
O2 
2OH- 
H2O 
H2 
Scheme 1.2. Overview of photoelectrochemical water splitting with a photoactive anode and 
standard cathode. Anode is represented as hematite (EG ~ 2.1 eV) and electrolyte is taken to 
be alkaline.  
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1.3. Semiconductor-electrolyte interfaces 
 In order to understand and manipulate PEC water splitting cells, a proper 
understanding of the semiconductor/electrolyte interface is required. The 
following description assumes familiarity with semiconductor fundamentals 
including band gaps and carrier generation. For in depth consideration of these 
details, the reader is referred to excellent texts such as Luque et. al. [16]. Scheme 
1.3 shows the change in band and Fermi level energies of an n-type semiconductor 
upon contact with an electrolyte. After initial contact, electrons flow from the 
semiconductor to the electrolyte until reaching an equilibrium chemical potential 
(ܧி௘௥௠௜ = ܧ௥௘ௗ௢௫). This results in an electron-depleted region known as the 
depletion width (WD) or space charge layer width (WSC) and induces an electric 
field, ܧሬԦ, which is strongest near the semiconductor/electrolyte junction. 
 
 
 
 
 In the electrolyte, negatively charged ions adsorb at the semiconductor 
surface to balance the positively charged depletion region in the semiconductor. 
Eredox EFermi 
Evacuum 
ܧሬԦ 
WD 
CB 
VB 
Energy  
Scheme 1.3. Energy band diagram of an n-type semiconductor after contact with an electrolyte 
in the dark. “VB” denotes valence band, while “CB” denotes conduction band. 
   7 
 
 
A more detailed description of these phenomena is provided in Section 2.3 on 
electrochemical impedance spectroscopy. 
 Under illumination, some electrons are excited from the valence band into 
the conduction band by photons satisfying ℎܿ/ߣ ≥ ܧீ . These additional electrons 
shift the Fermi level of electrons closer to the conduction band, causing weaker 
band bending. Given that an electric field remains, the generated electrons flow 
energetically downhill away from the semiconductor/electrolyte interface, where 
they can be collected at the back contact and transported through an external 
circuit (as in Scheme 1.2) to the counter electrode. The excited electrons leave 
behind holes, which accumulate at the interface. If the electron Fermi level and 
valence band straddle the water reduction and oxidation potentials respectively, 
standalone water splitting is achieved. Otherwise, additional external bias can be 
included via the external circuit to overcome this mismatch. This external bias is 
necessary for hematite in a single absorber system, as discussed below. 
1.4. Choosing a semiconductor 
 The overall conversion efficiency from sunlight to hydrogen (STH) is given 
by equation 1.1: 
ߟௌ்ு =
(ଵ.ଶଷ ௏ି ௏್೔ೌೞ)×௃೛೓×ఎಷ
௉ೞ೚೗ೌೝ
        (1.1) 
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where ௕ܸ௜௔௦ is the externally applied additional voltage, ܬ௣௛ is the water splitting 
photocurrent, ߟி is the Faradaic efficiency (the fraction of passed charges which 
participate in the water splitting reaction and not some parasitic reaction), and 
௦ܲ௢௟௔௥ is the incident solar irradiation. To maximize ߟௌ்ு, ௕ܸ௜௔௦ must be minimized 
and ܬ௣௛ must be maximized. This corresponds to competing constraints similar to 
the Shockley-Queisser limit for photovoltaic cells [17]. Figure 1.1 shows several 
commonly studied semiconductors for photovoltaic or PEC applications. In 
general, semiconductors used for PEC water splitting must simultaneously satisfy 
several requirements. First, their constituent elements must be earth-abundant and 
low-cost. Therefore, although materials including GaAs and GaInP2 have achieved 
record efficiencies [18], their associated materials costs are likely too high for large-
scale production. Second, they must be stable under water splitting conditions, so 
materials including Si, BiVO4, or the lead-halide perovskite family are infeasible. 
Third, their band gaps must be small enough to absorb a good fraction of the solar 
spectrum, so wide-band gap oxides including WO3 or TiO2 are eliminated. Finally, 
they must be non-toxic, so CdSe and other hazardous substances should be 
avoided. With band gaps in the ~2 eV range, iron-based oxides such as hematite 
and other ferrites have the potential to reach STH conversion efficiencies of ~15% 
when used as the top photoabsorber in a tandem structure [12]. Importantly, they 
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are also inherently stable and have a well-aligned valence band energy for water 
oxidation. 
 
 
 
 
 
 
 Despite its potential, many serious challenges with hematite have limited 
photocurrents to well under theoretical levels. The use of dopants [19], overlayers 
[20], and nanostructures [21] have seen some success in mitigating the twin 
drawbacks of poor hole mobility and sluggish oxygen evolution reaction kinetics. 
However, these improvements are poorly understood, and the most efficient 
hematite-based devices use expensive vacuum-phase deposition techniques [19]. 
Thus, this thesis is motivated first by the goal of fabricating high quality hematite 
films with a low-cost, scalable technique, and second by the goal of determining 
the precise roles of modifications that improve the water splitting performance of 
hematite.  
Figure 1.1. Band gaps and positions of commonly studied semiconductors for photovoltaic or 
PEC applications. Color corresponds to maximum wavelength of light that can be absorbed by 
the semiconductor. Adapted with permission from ref [8]. 
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Chapter 2. Experimental methods and their background 
2.1. SILAR 
 Successive ionic layer adsorption and reaction (SILAR) is a solution based 
layer-by-layer method for the deposition of thin films [22]. It can be broadly 
considered as a liquid phase analogue of atomic layer deposition or molecular 
beam epitaxy. SILAR grows polycrystalline or epitaxial thin films of the type CmAn 
by heterogeneous chemical reactions at a substrate/solution interface, as shown in 
Scheme 2.1, following the reaction: 
݉ሾܥܮ௣ሿ௡ା + ݊ሾܣܮ௤ᇱ ሿ௠ି → ܥ௠ܣ௡ ↓ +݉݌ܮ + ݊ݍܮᇱ     (2.1) 
Here, ܥ is the cation, ܣ is the anion, and ܮ and ܮᇱ are ligands. As shown in Scheme 
2.1, a substrate is sequentially immersed in a cation bath and an anion bath. After 
each immersion, the substrate is rinsed in deionized water. To grow ternary, 
quaternary, or doped compounds, mixed baths or more complicated immersion 
routines can be used [22].  
 
 
 
 
 
 
Cycle: Cation Water rinse Anion 
Water 
rinse 
Scheme 2.1. Representation of SILAR for simple binary compound. Substrate (gray) is 
sequentially immersed in cation and anion containing baths, with a water rinse between each. 
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 The expected growth mechanism for SILAR has three steps [22]. First, 
cations adsorb to the surface of the substrate. Second, the water rinse removes 
excess cation solution adhering to the substrate. Third, anions in the anion bath 
chemically react with the surface adsorbed cations. It is equally possible that this 
process occurs in reverse, where anions first specifically adsorb to the substrate 
surface. This is determined by the atomic nature of the substrate surface, and the 
formation of the Helmholtz electrical double layer at the substrate/ion bath 
interface. Polycrystalline films are formed with the same general mechanism, but 
nucleation and growth likely occurs via a bi-dimensional surface diffusion process 
[22]. 
2.2. Electrochemical impedance spectroscopy 
 Electrochemical impedance spectroscopy (EIS) is a widely used 
perturbation technique for characterizing electrochemical processes at surfaces 
and interfaces [23]. To extract dominating elements of the studied system, it is 
necessary to simulate and fit experimental data by an equivalent circuit model of 
the physical system. An impedance measurement tracks the alternating current 
response, ܫ(ݐ) (Eq. 2.2), to a small voltage perturbation ܸ(ݐ) (Eq. 2.3). This response 
is measured at a wide range of frequencies, ߱. 
ܫ(ݐ) = ܫ௢ expൣ݅൫߱ݐ + ߜ(߱)൯൧        (2.2) 
ܸ(ݐ) =  ௢ܸ exp(݅߱ݐ)         (2.3) 
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The impedance, which can be thought of as an AC resistance, is given by the ratio 
of these two values: 
ܼ(߱) = ௏(௧)
ூ(௧)
= ௏೚
ூ೚
exp൫−݅ߜ(߱)൯ = |ܼ| exp൫−݅ߜ(߱)൯    (2.4) 
Applying exp(݅ݔ) = cos(ݔ) + ݅ݏ݅݊(ݔ),  
ܼ(߱) = |ܼ| cos൫ߜ(߱)൯ − ݅|ܼ| sin൫ߜ(߱)൯ = ܼᇱ − ܼ݅"    (2.5) 
Here, ܼ′ and ܼ" are the real and complex parts for the impedance, and ߜ is the 
phase angle shift between ܫ(ݐ) and ܸ(ݐ). For an ohmic resistor, the alternating 
current and voltage are in phase (ߜ = 0), so the impedance is constant with respect 
to frequency. In capacitors, however, the AC voltage lags the current by 90°, so the 
impedance is given by ܼ = − ௜
ఠ஼
. 
 As shown in Scheme 1.3, contacting an n-type semiconductor to an 
electrolyte in the dark results in an electron depleted region, WD. The associated 
electrostatic potential, VD, indicates energy band bending in the near-surface 
region of the semiconductor. The positive charge in the depletion region is 
balanced by excess anions in the electrolyte in the Helmholtz and Gouy-Chapman 
layers. For this idealized capacitive system, the equivalent circuit would consist of 
a solution resistance in series with two capacitors, one for the depletion width or 
space charge potential drop (CSC), and one for the Helmholtz capacitance of the 
solution (CH). The latter capacitance is usually considered negligible. A full 
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equivalent circuit also includes a charge transfer resistance at the 
semiconductor/electrolyte interface. 
 Mott-Schottky analysis is widely used for the extraction of the charge 
carrier density, ND, and the flat band potential, Vfb, of the semiconductor. Because 
changing the voltage of the semiconductor artificially separates the semiconductor 
and redox Fermi levels, the level of band bending from electron depletion will also 
change. When the applied voltage is such that there is no band bending, the 
semiconductor is at Vfb. Because the space charge capacitance is a strong function 
of band bending, artificially applied voltages can be used to extract information 
about the carrier density and flat band potential of semiconductors according to 
the Mott-Schottky equation: 
ቀ ஺ೞ
஼ೄ಴
ቁ
ଶ
= ଶ
௘ఢఢೝேವ
ቀܸ − ௙ܸ௕ −
௞ಳ்
௘
ቁ       (2.6) 
Here, ܥௌ஼/ܣௌ is the surface area-corrected space charge capacitance, ݁ is the 
unsigned elementary charge, ߳ is the vacuum permittivity, ߳௥ is the relative 
permittivity or dielectric constant of the material, ܸ is the applied voltage, ݇஻ is 
Boltzmann’s constant, and ܶ is temperature. Therefore, plotting the inverse square 
of ܥௌ஼ with respect to a series of applied voltages, the charge carrier density can be 
extracted from the slope, and Vfb from the intercept of the linear region of these so-
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called Mott-Schottky plots [23]. With the extracted carrier density and flat band 
potential, the depletion region width can be calculated according to: 
஽ܹ = ට
ଶఢೝఢ
௤ேವ
൫ܸ − ௙ܸ௕൯        (2.7) 
Importantly, this analysis remains valid even when the Helmholtz capacitance is 
significant, as in highly doped materials such as those used in this thesis [24]. 
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†Adapted from [25]: A.J. Abel et. al. J. Phys. Chem. C. 2015, 119, 4454–4465 
§Ivan Garcia-Torregrosa and myself worked in equal contribution on this project and hence I will 
use the “we”-form. 
Chapter 3. Diffusion-mediated dopant incorporation and an 
inverse-opal scaffold†§ 
3.1. Introduction 
 Despite substantial research efforts over several decades [26], many 
challenges with hematite PEC water splitting have inhibited realization of solar-
to-hydrogen efficiencies above 10% or photocurrents above 12 mAcm-2 that are 
theoretically possible for a material with band gap of 2.1 eV [27–30]. Challenges 
include a conduction band position that is too low in energy to drive the hydrogen 
evolution reaction without bias, mismatch between optical absorption depth and 
carrier collection length, and sluggish kinetics of the oxygen evolution reaction 
(OER). In addition to challenges with hematite itself, poor quality interfaces 
between hematite and the current collector can considerably decrease 
photocurrent.  
 Different doping strategies have been pursued to overcome hematite’s low 
intrinsic electron and hole mobility and high electron-hole recombination rate that 
result in short carrier collection lengths [31]. Recent studies on the effects of doping 
3 at% Ti into hematite grown by atomic layer deposition show considerably 
enhanced PEC performance [32]. The authors attribute the improvement to an 
increase in the hole collection length and also to increased OER efficiency that
   16 
 
 
 results from Ti atoms at the hematite surface. In another study, the incorporation 
of Ti in nanostructured hematite by a solid state reaction showed an 8-fold increase 
in photocurrent density [33]. Alternatively, Sn can be incorporated into the 
hematite lattice by diffusing from the underlying fluorine-doped tin oxide (FTO, 
F:SnO2).  This effect has resulted in drastic improvement of the onset potential and 
photocurrent density when hematite nanorod arrays deposited on FTO were 
annealed above 650 °C [34, 35].  The improvement was attributed to improved 
electron transport in the bulk hematite and to improvements of the FTO-hematite 
interface.  While improvements in PEC performance with multiple different 
dopants have been reported, the mechanism of improvement and the nature of 
interactions between different dopants are often unclear. 
 In addition to doping hematite to modify its bulk and surface properties, 
charge collection can also be improved by designing the hematite to have 
nanostructured architecture.  Nanostructuring brings a larger fraction of the 
volume to within the hole collection length of the liquid junction.  This strategy 
has been demonstrated by Sivula, Gratzel, and coworkers using Si-doped hematite 
in a nanocauliflower architecture [19, 36]. Alternatively, nanostructured 
conductive scaffolds can be coated with hematite in an extremely thin absorber or 
host-guest geometry. In these systems, the thickness of the semiconductor can be 
fine-tuned according to its minority carrier collection length and the interfacial 
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area can be chosen to provide sufficient volume for light absorption [37, 38]. 
Examples of nanostructured host-guest systems like nanorods, nanonets, or 
inverse opal structures have been published in recent years [39–44], exhibiting 
photocurrents up to 3 mAcm-2 for undoped hematite without using sacrificial 
agents or co-catalysts [41]. Scaffolds must be chosen carefully to have appropriate 
band alignment with hematite as well as sufficient conductivity to ensure efficient 
charge transport. 
 In this chapter, we report on the fabrication of hematite thin films prepared 
by successive ionic layer adsorption and reaction (SILAR), a solution-based layer-
by-layer deposition method that provides tight control over the film thickness.  
PEC performance depends sensitively on film thickness, the presence of a TiO2 
underlayer, and annealing conditions, which lead to different concentration 
profiles of Ti and Sn dopants throughout the film.  We show that Ti and Sn dopants 
at small concentrations can increase photocurrent by improving both charge 
separation and, more importantly, interfacial hole transfer.  In a complementary 
approach to further increase photocurrent, hematite was deposited on a 
monolayer inverse opal scaffold of Sb:SnO2 that resulted in 78% larger 
photocurrents than in a planar film.  
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3.2. Experimental methods 
3.2.1. Material fabrication 
FTO/glass substrates (Hartford Glass, 12 Ω/sq) were cleaned by sequential 
sonication in Contrad detergent, 50/50 ethanol/acetone, and deionized (DI, 18 
MΩcm-1) water. Thin films of iron (III) oxyhydroxide were deposited on the 
substrates by SILAR (nanoStrata, Strato Sequence VI). 0.05 M FeCl3 (97%, Sigma-
Aldrich) and 0.1 M NaOH (98%, Sigma-Aldrich) were used as the iron and 
hydroxide precursor solutions, respectively. One deposition cycle was defined as 
immersion in (1) cation solution, (2) DI water rinse, (3) anion solution, (4) DI water 
rinse. Each immersion step lasted for 10 s. The anion and rinsing solutions were 
replaced every 30 cycles to prevent particle formation that could lead to non-
planar films. To obtain fully oxidized α-Fe2O3 with desirable PEC performance, 
the samples were annealed in air using a box furnace. All samples were annealed 
at 450°C for 10 min at an average ramp rate from room temperature of 35 °Cmin-1 
and then subsequently at either 600 °C or 775 °C. At 775 °C, samples were annealed 
for 15 min after an equivalent average ramp rate. At 600 °C, samples were 
annealed for 29 min to account for the additional ramping and cooling time. 
 In most cases, an ultrathin (10-20 nm) film of TiO2 was deposited on the 
FTO before hematite deposition. A modified titanium butoxide sol-gel was 
prepared according to a previously described procedure [45]. The sol-gel was 
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diluted to 0.067 M in ethanol and was then deposited onto substrates by dip 
coating. Substrates were immersed for 17 s and withdrawn at a rate of 120 
mm/min. Both immersion and withdrawal occurred at ambient conditions. The 
substrates were dried at room temperature for 30 min before sintering in air using 
a box furnace at 500 °C for 1 hr. 
 In some samples, inverse-opal scaffolds were fabricated using methods 
from microsphere lithography.  Close-packed monolayers of silica spheres were 
formed on substrates by self-assembly, infiltrated with Sb:SnO2 (ATO) sol-gel, and 
then etched away. The silica spheres had diameters of 1 µm and were prepared 
according to a recipe described in literature [46] with water-to-ethanol volume 
ratio fixed at 0.65. The solution was stored at room temperature for 5 hr and 
centrifuged at 3500 rpm. The recovered powders were treated at 550 °C for 2 hr to 
remove remaining volatiles. A 20 wt% suspension of the spheres in ethanol was 
prepared by ultrasonication for 30 min.  
The ATO sol-gel for the scaffold was prepared from a 0.3 M aqueous 
solution of SnCl2·H2O (98 % pure, Alfa Aesar) and a 0.13 M aqueous solution of 
SbCl3, each of which were dissolved in ethanol and heated at 80 °C in a closed 
vessel for 2 hr under stirring. Both vessels were then opened, allowing the 
solutions to evaporate for another 2 hr until dry powders were formed. After 
recovery of the powders, 0.35 M and 0.7 M mixtures containing 93 solids% 
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SnCl2(EtO)2 and 7 solids% Sb(EtO)3 were prepared in ethanol at 50 °C for 2 hr 
under stirring. The resultant ATO sol-gels were allowed to age for 24 hr before 
use. 
To generate the inverse-opal scaffold, a hexagonal close-packed monolayer 
of silica microspheres was deposited onto the substrates by dip coating. Substrates 
were immersed for 3 min and withdrawn at a rate of 120 mm min-1. Immersion 
and withdrawal were performed at 40% humidity. The substrates were then dried 
at 120 °C for 1 hr. The resulting microsphere layer was infiltrated with 0.35 M ATO 
sol-gel by spin coating at 4000 rpm for 30 s, with a ramp of 1500 rpm/s. The films 
were dried at 100 °C for 30 min and sintered at 500 °C for 15 min. This process was 
repeated once more to obtain desired coverage, after which a final annealing step 
was performed at 600 °C for 1 hr. To remove the silica microspheres, the substrates 
were etched in 2 M NaOH at 50 °C for 15 min. A final dip coated layer of 0.7 M 
ATO sol-gel was deposited at 30% humidity and an 80 mm/min withdrawal rate, 
followed by annealing at 600 °C for 1 hr. This final step improves mechanical and 
electrical properties of the scaffold while avoiding excessive filling of the inverse 
opal structure. 
3.2.2. Film characterization 
Wavelength-dependent absorption spectra for each sample type was 
determined by measuring both transmission and diffuse reflection using a home-
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built UV-vis transmission spectrometer (Ocean Optics, USB 4000) and a 1.5-inch 
integrating sphere. Correction for reflectance is necessary because reflection varies 
with film thickness. 
Grazing-incidence X-ray diffraction (GIXRD) was conducted on thin film 
samples at incidence angles ranging from 0.3° to 0.8° using a Rigaku SmartLab 
diffractometer equipped with Cu Kα X-ray source excited at 40 kV and 44 mA. 
Diffractograms were acquired using parallel beam in-plane optics with a step size 
of 0.016° and analyzed with Fityk software [47]. Instrumental broadening for 
determination of crystallite size was obtained from (100) peak of ZnO nanowires 
with crystallite size >100 nm. 
X-ray photoelectron spectroscopy (XPS) measurements were performed on 
a Physical Electronics VersaProbe 5000 with a monochromatic Al Kα X-ray source 
operated at 15 kV and 25 W, yielding 100 µm spot size. Depth profiling was 
performed by argon sputtering at 2 kV and 2 µA within a 2 mm x 2 mm area. Data 
analysis and peak fitting were performed using CasaXPS software with the 
relative sensitivity factors provided by the equipment manufacturer. Metallic 
elements were assigned Shirley-type background while non-metals were assigned 
linear background. Peaks were fitted with 70% Gaussian - 30% Lorentzian line 
shape. All spectra were corrected by adjusting the adventitious C-C 1s peak to 
285.0 eV. 
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3.2.3. Photoelectrochemical characterization 
All samples were masked with electroplater’s tape that contained a 0.38 cm2 
(7 mm diameter) hole to define the active area. The samples were examined in 
contact with a 1 M NaOH (pH 13.6) electrolyte. A saturated Ag/AgCl electrode 
(ThermoScientific, Orion 90-02) was used as a reference electrode, and a platinum 
coil was used as the counter electrode. All potentials were converted to the 
reversible hydrogen electrode (RHE) scale by: 
ܧோுா =  ܧ°஺௚/஺௚஼௟ + 0.1976 ܸ + 0.0592݌ܪ     (3.1)  
PEC measurements were performed with a Gamry potentiostat and 
electrochemical software. An increasingly anodic bias was applied at a rate of 50 
mVs-1. The light source was a 300 W Xe arc lamp (Newport). An AM 1.5G filter 
(Newport) was used to simulate the solar irradiation spectrum, and the power was 
calibrated to 100 mWcm-2 (1 sun) using a thermopile detector. Light was incident 
on the front (electrolyte) side unless otherwise noted. A custom-made glass 
electrochemical cell (Starna Cells Inc.) with quartz windows housed the electrodes 
and electrolyte for all measurements. 
3.3 Results and discussion 
3.3.1. Characterization of hematite films deposited by SILAR 
Hematite thin films for PEC water splitting require control over 
crystallinity, film thickness, conductivity, and surface chemistry.  Hematite thin 
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films were fabricated by depositing iron oxyhydroxide (FeOOH) using SILAR and 
then annealing in air. SILAR is a solution-phase alternative to atomic layer 
deposition that is carried out at ambient conditions and provides good control 
over film thickness and properties.  In this work, FeCl3 was used as the iron source 
because of superior homogeneity and flatness compared to previously reported 
recipes that use Fe2SO4 [48–50].  This appears to be the first reported use of a FeCl3-
based SILAR recipe for deposition of hematite, although a similar recipe without 
annealing was recently reported for deposition of FeOOH [51, 52]. Top-view and 
cross-sectional SEM images of films deposited from FeCl3, Fig. 3.1(a,b), reveal 
relatively uniform, conformal coverage of the FTO substrate. A growth rate of ~5 
Å/cycle is estimated from images of the thickest films. While the films have some 
slight nanostructuring and roughness, they appear to be of comparable flatness to 
films grown by atomic layer deposition [53] and certainly do not have the nanorod 
structure often seen in hematite fabricated by chemical bath deposition [34].  
Photographs of the hematite films in Fig. 3.2(a) show the characteristic rust 
color, which becomes increasingly dark with larger numbers of SILAR cycles.  
Deposition is uniform over areas larger than 1 cm2. Absorption was quantified by 
UV-visible absorption spectroscopy, as shown in Fig. 3.2(b).   
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Figure 3.1. (a) Top view and (b) cross-sectional scanning electron micrographs 
Fe2O3/TiO2/FTO with 90 SILAR cycles of Fe2O3. The inset in (a) shows the bare FTO 
substrate.  The ultrathin TiO2 layer is not visibly detectable in (b) at this magnification. 
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Figure 3.2. (a) Photograph and (b) absorption spectra of SILAR Fe2O3 films of different 
thicknesses (numbers of SILAR cycles). 
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The absorption onset at approximately 580 nm is consistent with the 
hematite band gap of ~2.1 eV [54]. Absorption increases with increasing number 
of SILAR cycles.  No difference in absorption was observed when an ultrathin 
underlayer of TiO2 was included.  
 
 
 
 
 
 
 
 
 GIXRD, in Fig. 3.3(a), confirms the presence of hematite, with characteristic 
diffraction peaks at 33.2° and 35.6° corresponding to (104) and (110) hematite 
reflections, respectively. Peak positions are similar for samples annealed at 600 °C 
and 775 °C, indicating that the difference in annealing temperature does not 
influence the crystallinity. The α-Fe2O3 peaks do not change position or relative 
intensity with grazing incidence angle, which indicates that the film has hematite 
Figure 3.3. (a) Grazing incidence X-ray diffractograms of samples annealed at 600 C and 775 
C, normalized to (104) -Fe2O3 peak height at 33.2. Grazing incidence angle was 0.3. Vertical 
bars represent JCPDS power diffraction peaks of -Fe2O3 (hematite) (PDF# 01-072-0469) in 
orange, and tetragonal SnO2 (PDF# 01-088-0287) in blue. (b) XPS spectra of the Fe 2p3/2 region 
from the surfaces showing the double-peak at 710.8 eV and 709.7 eV characteristic of -Fe2O3 
for both annealed samples. 
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modification throughout its thickness.  The relative intensity of the two peaks also 
matches the JCPDS powder spectrum, confirming that there is no preferential 
alignment or texture of the film.  The (104) diffraction peaks were fitted with 
pseudo-Voigt line shape, and FWHM was used to determine crystallite size 
according to the Scherrer equation. The crystallite size of the 600 °C and 775 °C 
annealed samples, corrected for instrumental broadening, are 53 nm and 66 nm 
respectively [55]. These values are close to the film thickness of 60–72 nm, 
indicating a high degree of crystallinity in films annealed at both temperatures. 
XPS detail spectra of the Fe 2p3/2 region, Fig. 3.3(b), also confirm the hematite 
modification. Samples annealed at 600 °C  and 775 °C each exhibit the double peak 
at 710.8 and 709.7 eV that is characteristic of hematite [56–58].  
 With the combined evidence of XRD and XPS, we believe this is the first 
report of SILAR deposition of hematite on a transparent conducting oxide 
substrate. Importantly, we later demonstrate that SILAR is able to coat high-aspect 
ratio nanostructures, an important feature for possible PEC applications. 
3.3.2. Effect of underlayers, dopants, and film thickness on PEC performance 
Water splitting with hematite photoanodes was tested in a 3-electrode PEC 
cell to understand the influence of film thickness, annealing conditions, and 
underlayers on PEC performance.  Fig. 3.4 shows linear sweep voltammetry (LSV) 
curves under 1-sun illumination for four representative samples with 60 SILAR 
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cycles (~30 nm) of Fe2O3 to compare the effects of annealing temperature (600 °C 
or 775 °C) and the presence or absence of the ultrathin TiO2 underlayer. Films 
without TiO2 that were annealed at 600 °C show negligible photocurrent, and their 
light curves are nominally identical to their dark curves.  Increasing the annealing 
temperature to 775 °C results in increased photocurrent, reaching 0.1 mAcm-2 at 
1.23 VRHE with an onset potential (Von) of 1.00 VRHE.  Introduction of a TiO2 
underlayer with 600 °C anneal results in a similar increase in photocurrent, but 
with a favorable shift in Von of 110 mV. Combining both the 775 °C anneal and a 
TiO2 underlayer results in further improvement of the photocurrent to ~0.25 
mAcm-2 at 1.23 VRHE; however, Von returns to 1.00 VRHE. While the improvement in 
onset potential with TiO2 is lost at higher annealing temperature, the TiO2 does 
delay the onset of dark current to 1.70 VRHE in each case.   
 
 
 
 
 
 
 
Figure 3.4. LSV curves for 60 SILAR cycles samples with and without the TiO2 underlayer 
and annealed at 600 °C and 775 °C 
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The TiO2 may increase the photocurrent by improving the interface 
between Fe2O3 and FTO, but Ti has also been reported to diffuse easily through 
Fe2O3 so bulk or surface effects of Ti are also possible [59]. The shift in onset 
potential indicates a surface effect, despite the position of TiO2 under the Fe2O3 
film.  Higher annealing temperature dramatically increases the photocurrent, 
although XRD and XPS in Fig. 3.3 showed negligible change in crystallinity. XPS 
depth profiles and PEC characterization of hematite films grown under different 
conditions were used to provide some insight into the role of dopants on PEC 
performance and are discussed below. 
XPS depth profiles were conducted to determine the chemical composition 
and dopant distribution within the film.  Figure 3.5(a,b) shows atomic 
concentration as a function of sputter time (depth) for hematite films annealed at 
600 °C and 775 °C, and Fig. 3.5(c) shows the Sn 3d and Ti 2p detail spectra at 775 
°C.  Ti 2p peaks throughout the depth of the film are centered at 458.5 eV, which 
corresponds to the Ti4+ state [60, 61]. Sn 3d peaks throughout the film are centered 
at 468.4 eV, corresponding to the Sn4+ state [60, 61]. Each peak can be fitted with 
one component with small FWHM, supporting the interpretation of a single 
oxidation state for both Ti and Sn.   
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Both annealing temperatures show elemental intermixing due to diffusion, 
with a more distributed profile in the higher temperature sample. Ti from the TiO2 
underlayer diffuses both toward the surface into Fe2O3 and toward the backside 
into FTO. Beyond just diffusing through the bulk Fe2O3, Ti also accumulates at the 
free surface.  At the surface of the 600 °C sample, slight accumulation of ~0.5% Ti 
is found, which is a factor of two greater than the concentration at a 2 min sputter 
step below the surface. For the 775 °C sample, the surface concentration of Ti   is 
an order of magnitude larger, ~5%, and maintains a surface accumulation profile 
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Figure 3.5. Depth profile of the atomic concentrations of (a) 600 C and (b) 775 C 
annealed samples as determined by X-ray photoelectron spectroscopy (XPS). The 
hematite film was 120 cycles thick.  Besides Fe, O, and C, the surface of 600 C 
annealed sample has 0.5% Ti, while that of 775 C annealed sample has 5% Ti, 5% 
Na, as well as 0.5% Sn. A sputter rate of 4 nm min-1 is estimated from ref. [56]. (c) XPS 
spectra highlighting peaks attributed to Sn 3d and Ti 2p. Increasing line height 
corresponds to increasing etch time. 
c) 
   30 
 
 
similar to that of the 600 °C sample. The higher annealing temperature also enables 
Sn to diffuse from the FTO substrate through the hematite film. Sn concentration 
decreases monotonically to ~0.5% at the surface at 775 °C.  At 600 °C, Sn diffuses 
slightly into the hematite, but its concentration is negligible in the near-surface 
region. Na is also present at the surface at up to 5% concentration after 775 °C 
anneal.  However, it is not found in the bulk of the film, nor is it of measureable 
concentration with 600 °C anneal. Because XPS and XRD were performed on 
pristine samples, we conclude Na likely diffuses from the soda lime glass 
substrate. However, no Na was detected when samples were re-examined after 
photoelectrochemical evaluation (Fig. A1), suggesting that Na was loosely bound 
on the surface and does not impact PEC performance. 
Incorporation of Ti and Sn into the hematite film likely improves charge 
separation by increasing the minority carrier collection length or improving bulk 
conductivity [62, 63]. However, the changes in onset potential indicate that the 
concentration of Sn and Ti, and possibly Na, at the hematite surface also impact 
OER efficiency. To better understand the role of these dopants and limitations 
resulting from light absorption, charge separation, and OER kinetics, the effects of 
film thickness and hole scavengers were investigated.   
LSVs under 1-sun illumination are shown in Fig. 3.6(a) for Fe2O3 samples 
with TiO2 underlayer (henceforth called Ti:Fe2O3) with thickness ranging from 30 
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to 210 SILAR cycles and annealed at 775 °C. Under these sample conditions, 
photocurrent increases monotonically with increasing thickness over the range 
studied as a higher fraction of incident photons is absorbed.  Von was 1.0 VRHE, 
independent of thickness.  With the 210-cycle film, the current density reaches 0.57 
mAcm-2 at 1.23 VRHE, which was among the highest reported for planar hematite 
films of any thickness or fabrication method at the time of this work [64–70].  
 
 
 
 
 
 
 
Fig. 3.6(b) displays the current density sampled at 1.23 VRHE for each of the 
four sample types over a range of film thickness. Current increases approximately 
linearly for the 775 °C Ti:Fe2O3 films shown in Figure 3.6(a). No photocurrent was 
observed for Fe2O3 films without  TiO2 annealed at 600 °C regardless of thickness, 
confirming the need for thermal activation described previously [34, 63]. Films 
Figure 3.6. (a) Current density vs. voltage curves for Ti:Fe2O3 samples from 30 to 210 
SILAR cycles annealed at 775 °C. (b) Current density vs. film thickness (in number of SILAR 
cycles) at 1.23 VRHE. Error bars represent 95% confidence intervals with sample size n ≥ 4. 
a) 
Dark 
b) 
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annealed at 775 °C without TiO2 had currents that were at least four times smaller 
than those with the TiO2 underlayer at the smallest thicknesses (60 cycles or less), 
but at larger thicknesses the currents were similar regardless of the presence of 
TiO2. This trend indicates that with 775 °C annealing, the primary role of TiO2 is to 
improve the FTO/Fe2O3 interface rather than to increase conductivity.  With this 
aggressive heat treatment, Sn from the FTO can diffuse throughout the film, as 
indicated by XPS in Fig. 3.5(b), increasing film conductivity and obviating the need 
for Ti to serve that same function.  The increase in current with TiO2 underlayer at 
small thickness may result from improved nucleation and growth of Fe2O3 to form 
continuous and more crystalline films with smaller numbers of SILAR cycles.  
Ga2O3 and Nb2O5 underlayers have previously been reported to improve PEC 
performance by improving crystallinity of thin hematite films [39, 64, 70].  
 While both Fe2O3 and Ti:Fe2O3 samples annealed at 775 °C have 
photocurrents that increase monotonically with film thickness, the Ti:Fe2O3 
samples annealed at 600 °C show a maximum photocurrent at intermediate 
thickness, as shown in Figure 3.6(b). The initial increase in photocurrent with 
thickness is due to increased light absorption. The decline at larger thickness 
results from limitations in both charge separation and OER efficiency, as will be 
discussed later. According to the XPS depth profiles in Figure 3.5, Sn does not 
diffuse all the way through the film at 600 °C, and improvements to bulk 
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properties and surface reactions rely on Ti alone. Some Ti is found throughout the 
film in all samples measured, but at large thickness and low annealing 
temperature the amount of Ti appears insufficient to improve performance, and 
the additional Ti and Sn obtainable with higher annealing temperature is 
desirable.  
  
 
 
 
 
 
 
 
To reveal whether photocurrent is primarily limited by charge separation 
or hole injection, LSVs for all sample variations at all thicknesses were performed 
in a 1 M NaOH/0.5 M H2O2 electrolyte. H2O2 quickly scavenges photogenerated 
holes that have reached the hematite surface, eliminating the barrier to interfacial 
hole transfer present with OER [71]. LSVs with H2O2 are shown in Figure 3.7(a) for 
each sample type with a thickness of 120 SILAR cycles. LSVs with H2O2 for other 
configurations are shown in Figure A2. Unlike the LSVs in the standard electrolyte 
Figure 3.7. (a) Current density vs. voltage curves for all sample variations in 1 M NaOH – 
0.5 M H2O2 with thickness of 120 SILAR cycles, (b) Current density vs. voltage curves for 
120 SILAR cycle thickness Ti:Fe2O3 at 775 °C (orange curves) and 600 °C (blue curves) in 
1 M NaOH/0.5 M H2O2 (solid) and 1 M NaOH (dashed). 
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without H2O2, photocurrent is realized at all potentials, indicating that the 
injection barrier for holes to the electrolyte is removed. Fe2O3 annealed at 600 °C 
exhibits a rapid increase in photocurrent beginning at 0.53 VRHE, followed by a 
gradual rise until the onset of dark current at ~1.2 VRHE. No photocurrent was 
observed for this sample without H2O2, confirming that hole injection in OER is a 
significant barrier. With the TiO2 underlayer, Ti:Fe2O3 annealed at 600 °C shows 
similar behavior but Von that is delayed by ~100 mV.  Although the onset is later, 
the “plateau” photocurrent is larger with the TiO2 underlayer. However, the 
opposite is observed in Ti:Fe2O3 and Fe2O3 annealed at 775 °C, where the presence 
of the TiO2 underlayer slightly reduced the photocurrent. Annealing at 775 °C also 
delayed the onset of dark current to ~1.4 VRHE.  
 Because surface reaction limitations in this electrolyte may be neglected for 
all samples with H2O2, these data confirm that Ti and Sn play an important and 
complex role in bulk properties as well as hole injection kinetics. Figure 3.7(b) 
compares LSVs for Ti:Fe2O3 annealed at 600 °C and 775 °C in 1 M NaOH/0.5 M 
H2O2 and in 1 M NaOH. Without H2O2 in the electrolyte, photocurrent is 
significantly improved upon higher temperature annealing.  However, when H2O2 
is present, samples annealed at 600 °C exhibit a higher photocurrent than those 
annealed at 775 °C.  
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In order to quantify the role that these dopants play in charge separation 
and injection, and to remove light harvesting as a convoluting factor, we utilize an 
approach first described by Dotan et. al. and used extensively elsewhere [71–74]. 
ܬ௣௛ =  ܬ௔௕௦  ×  ߟ௦௘௣  ×  ߟ௜௡௝ 
where ܬ௣௛ is the water-splitting photocurrent, ܬ௔௕௦ is the photon absorption rate 
expressed as current density, ߟ௦௘௣ is the charge separation efficiency within the 
bulk film, and ߟ௜௡௝ is the efficiency of hole injection from semiconductor to 
electrolyte. With the addition of 0.5 M H2O2, a known hole scavenger, to the 
electrolyte, ߟ௜௡௝  can be treated as unity. Thus, ߟ௦௘௣ can be calculated according to: 
ߟ௦௘௣ =  
ܬ௣௛
ுమைమ
ܬ௔௕௦
 
and ߟ௜௡௝ is given by: 
ߟ௜௡௝ =  
ܬ௣௛
ுమை
ܬ௣௛
ுమைమ
 
 Figure 3.8(a) shows the potential-dependent ߟ௦௘௣ as a function of film 
thickness for each of the four sample variations, and Figure 3.8(b) compares ߟ௦௘௣ 
at 1.23 VRHE for each sample type across film thicknesses.  In all cases, ߟ௦௘௣ increases 
with applied potential because the depletion width increases.  However, ߟ௦௘௣ is 
less than 25% even in the best case, so charge separation is a significant limitation 
of photocurrent.  In both Fe2O3 and Ti:Fe2O3 annealed at 600 °C,  ߟ௦௘௣  decreases as  
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thickness increases. This trend is expected because electron-hole recombination 
competes with charge separation, and increasing the length that electrons and 
holes must travel to reach the interface will increase the probability that they 
recombine instead.  At 1.23 VRHE, ߟ௦௘௣ is only ~20% even for the thinnest films (~15 
nm thick) due to low carrier mobility and short photoexcited carrier lifetimes. ߟ௦௘௣ 
decreases to ~5% for film thicknesses above 100 nm. The reduction in ߟ௦௘௣ with 
increasing thickness is much less pronounced in Ti:Fe2O3, which can be attributed 
to an improved charge collection length with the incorporation of small atomic 
concentration of Ti in the bulk.  In both Fe2O3 and Ti:Fe2O3 samples annealed at 
775 °C, ߟ௦௘௣  decreases only very slightly as thickness increases, indicating that Sn, 
Figure 3.8. (a) Charge separation efficiency 
vs. potential for each of the four sample types.  
Color scheme for number of SILAR cycles is 
shown at right. (b) Charge separation 
efficiency as a function of sample thickness at 
1.23 VRHE for each sample type. Error bars 
represent 95% confidence intervals with 
sample size n ≥ 4. 
Fe2O3 600 °C Ti:Fe2O3 600 °C Fe2O3 775 °C 
Se
pa
ra
tio
n 
(%
) a) Ti:Fe2O3 775 °C 
 
Potential (V vs RHE) 
b) 
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too, increases the charge collection length, and may obviate the need for Ti to serve 
this purpose.  For all sample types, ߟ௦௘௣ is significantly larger for the 30-cycle films 
than for thicker films.  We later calculate a depletion width of 10–15 nm, which is 
similar to the thickness of the thinnest films.  Therefore we attribute the increased 
ߟ௦௘௣ to the fact that all charge generation occurs within the depletion region.  That 
ߟ௦௘௣ is less than 25% even in this extreme case indicates the fast recombination and 
poor hole transport in hematite. 
 
 
  
 
 
 
 
 
 
 
Potential-dependent ߟ௜௡௝ is plotted in Figure 3.9(a) as a function of thickness 
for each of the three sample variations that have non-zero efficiency in standard 
electrolyte. ߟ௜௡௝ varies over a much wider range than ߟ௦௘௣ across different 
Potential (V vs RHE) 
In
je
ct
io
n 
(%
) 
a) 
 Figure 3.9. (a) Charge injection efficiency vs. 
potential for Ti:Fe2O3 annealed at 600 °C, 
Fe2O3 annealed at 775 °C, and Ti:Fe2O3 
annealed at 775 °C. Injection efficiency was 
negligibly small for Fe2O3 annealed at 600 
°C. Color scheme for number of SILAR 
cycles is shown at right. (b) Charge injection 
efficiency versus thickness at 1.23 VRHE for 
each sample type. Error bars represent 95% 
confidence intervals with sample size n ≥ 4. 
b) 
Ti:Fe2O3 600 °C Fe2O3 775 °C Ti:Fe2O3 775 °C 
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thicknesses, sample types, and potentials, reaching 85% in the best case.  ߟ௜௡௝ is 
negligible at low applied potentials and increases with anodic bias. The electron 
density decreases as the film surface becomes more depleted, which reduces 
electron-hole recombination and increases hole lifetime [75]. For Ti:Fe2O3 annealed 
at 600 °C,  ߟ௜௡௝ is ~25% at 1.23 VRHE in the thinnest films and decreases to below 10% 
in thick films.  While the decrease in ߟ௦௘௣  with increasing thickness was expected 
because of the larger transport lengths, it was initially surprising that film 
thickness had such a dramatic effect on ߟ௜௡௝. We conclude that the amount of Ti or 
Sn dopant at the surface is critical to OER. Since all of the Ti and Sn diffuses from 
underlying layers during annealing, thicker films have lower dopant 
concentrations at the surface. Clearly too little Ti at the surface reduces ߟ௜௡௝ for 
thick films. However, close examination of Figure 3.9 shows that ߟ௜௡௝ also 
decreases at the smallest thicknesses, indicating an optimal range for Ti 
incorporation.  
 The thickness-dependent surface concentration of Sn also affects ߟ௜௡௝.  
Figure 3.9 shows that ߟ௜௡௝ increases with film thickness for Fe2O3 (without TiO2 
underlayer) annealed at 775 °C, from less than 10% to above 60% at 1.23 VRHE over 
our thickness range. The large ߟ௜௡௝ at 775 °C, coupled with ߟ௜௡௝ near zero for 600 °C 
anneal when no Sn is present at the surface, confirms that Sn can enhance hole 
injection.  However, the trend of decreasing ߟ௜௡௝ with smaller thickness, and larger 
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surface Sn concentration, indicates that too much Sn can severely inhibit the 
surface reaction.  Use of both the TiO2 underlayer and the higher annealing 
temperature results in both Sn and Ti at the surface in significant concentration.  
This scenario yields the largest ߟ௜௡௝ at large anodic bias, achieving OER efficiencies 
of ~60% at 1.23 VRHE with only slight thickness dependence. Interestingly, this case 
also yields the worst onset potential of the three, indicating the complex 
dependence of interfacial hole transfer on near-surface composition. 
 To summarize, for film thicknesses larger than the expected depletion 
width, doping with Sn or Ti improves bulk conductivity and charge separation.  
Small concentrations of Sn or Ti on the surface increase the efficiency of OER at 
the surface, but more aggressive annealing causes excessively large atomic 
concentration at the surface and decreases OER efficiency. Comparing the 
magnitudes of ߟ௦௘௣ and ߟ௜௡௝ in Figures 3.8(b) and 3.9(b), photocurrent at water 
oxidation conditions is more strongly limited by charge separation than by hole 
injection for all samples studied.  However, since all samples of a given thickness  
have similar ߟ௦௘௣, their relative PEC performance is then governed by ߟ௜௡௝, as seen 
by comparing the trends in Figure 3.9(b) with those in Figure 3.6(b). Surprisingly, 
thickness affects ߟ௜௡௝ much more than ߟ௦௘௣ because of the sensitivity of OER kinetics 
to the concentration of Sn and Ti dopant atoms occupying surface sites.  The 
mechanism of improvement provided by these dopants is still ambiguous, but 
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may be related to increasing concentration of surface trapped holes or catalyzing 
OER. Chapter 4 provides more insight into the role of surface trapped holes and 
OER catalysis with Ti incorporation. 
 Mott-Schottky analysis and electrochemical impedance spectroscopy (EIS) 
were performed to gain further insight into the role of Sn and Ti in the PEC water 
splitting process.  Figure 3.10(a) shows Mott-Schottky plots at 100 Hz with the 
standard electrolyte, and Table 3.1 shows the fitted flat band potential (Vfb) and 
carrier density (ND), for the Fe2O3 and Ti:Fe2O3 films of 120-cycle thickness that 
were annealed at 775 °C. Mott-Schottky plots of samples at 600 °C were not 
included because there was no obvious linear region. Vfb of 0.4–0.5 VRHE were 
obtained from the fit, which is consistent with the fairly large range of reported Vfb 
for hematite [32, 36, 71]. A negative shift of nearly 0.1 V was observed in Vfb of 
Ti:Fe2O3 relative to Fe2O3 at 775 °C, and may partially explain the improved 
injection efficiency and Von of Ti:Fe2O3 samples. This shift in Vfb with Ti has been 
observed previously in Ti:Fe2O3 prepared by radio frequency magnetron 
sputtering [76]. In addition to shifting Vfb, Ti diffusing from the underlying TiO2 
layer also increases dopant density by about a factor of three.  Carrier density in 
each case is on the order of 1019 cm-3, and the likely donor species are oxygen 
vacancies as well as Ti and Sn that have diffused from underlying layers.  From 
these data, the depletion width is calculated to be 10–15 nm.  Combined with the 
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hole diffusion length of 2–4 nm [77], this gives a typical hole collection length that 
is comparable to the thickness of the 30-cycle SILAR films. With such a small hole 
collection length, it is somewhat surprising that the photocurrent continues to 
increase with film thickness.  This increase may be due to slight nanostructuring 
of the films upon annealing such that they are not planar, as been assumed here. 
More details on this phenomenon are given in Chapter 4. We note that backside 
illumination gives similar LSVs to front side illumination for films with 60 SILAR 
cycles or less, Fig. A2, but photocurrent is significantly reduced in thicker films 
with backside illumination as hole transport limitations dominate the behavior.  
Hole transport limitations are also confirmed by the spectrally-resolved internal 
quantum efficiency, Fig. A2, which is 25% with 400 nm light that is absorbed near 
the front surface and monotonically decreases to 0% for longer wavelengths that 
penetrate more deeply into the film. 
 Figure 3.10(b) shows Nyquist plots of EIS data at 1.23 VRHE for all sample 
variations of 120-cycle thickness.  EIS was performed under 1-sun illumination and 
with the standard electrolyte.  The spectra consist of two overlapping semicircles 
and were modeled with the equivalent circuit shown in Fig. 3.10(c). This model 
was reported by Hamann and Bisquert for hematite deposited by atomic layer 
deposition [78, 79]. It considers charge transport through the bulk film and 
interfacial hole transfer from surface states.  Fitted parameters are listed in Table 
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1. With 600 °C anneal, the presence of Ti reduces surface state charge transfer 
resistance, Rct,ss, by two orders of magnitude, which is in accordance with the 
dramatically improved ߟ௜௡௝ in Figure 3.9(a). Rct,ss is further reduced by 3–10x with 
higher annealing temperature because of the presence of Sn (or possibly Na) at the 
surface, as well as Ti in the case of Ti:Fe2O3.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 Vfb 
V 
ND 
1019 cm-3 
Rs 
Ωcm2 
Rrec 
kΩcm2 
Rct,ss 
kΩcm2 
Cbulk 
µFcm-2 
Css 
µFcm-2 
Fe2O3, 600 °C - - 28.6 3.7 280.0 2.3 7.4 
Ti:Fe2O3, 600 °C - - 26.6 2.8 2.4 3.1 10.3 
Fe2O3, 775 °C 0.49 1.3 50.6 1.1 1.0 2.0 16.5 
Ti:Fe2O3, 775 °C 0.40 4.7 43.0 0.8 0.3 3.8 28.7 
Figure 3.10. (a) Mott-Schottky plots of inverse square capacitance as a function of 
potential for 120-cycle samples annealed at 775 °C. Samples were tested in 1 M NaOH 
at 100 Hz. (b) EIS Nyquist plots of each sample variation with 120-cycle thickness. Plots 
were generated at 1.23 VRHE under 1 sun illumination. (c) Equivalent circuit used to fit EIS 
data. 
Rs 
Css 
Cbulk 
Rrec 
Rct,ss 
c) 
Table 3.1. Fitted parameters from Mott-Schottky and EIS analysis. 
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The trend in Css runs opposite that of Rct,ss, with highest surface state capacitance 
in the presence of both Ti and Sn.  Rrec follows the same trend as Rct,ss, although the 
change between the least and most doped samples is only a factor of five. These 
trends are consistent with the analysis in Steier et. al. [20]. The consistent increase 
in Rs at 775 °C is attributed to decreased conductivity of the FTO upon high-
temperature annealing. 
3.3.3. Use of inverse opal scaffolds to increase photocurrent 
While the presence of Sn and Ti can have a pronounced effect on PEC conversion, 
in all cases Fig. 3.8 shows that the charge separation efficiency is below 25% for the 
thinnest films studied here and declines further with increasing film thickness.  
Reducing film thickness to improve charge separation results in very little light 
absorption, while increasing film thickness improves light harvesting at the 
expense of charge separation.  One of the most effective methods to decouple light 
absorption and charge collection is to design architectures consisting of extremely 
thin absorbers coated onto transparent, conductive scaffolds with large surface 
area [21, 80, 81]. Here we fabricated an inverse-opal scaffold by self-assembly of a 
monolayer of SiO2 microspheres onto FTO substrates by dip coating, infiltrating 
the interstitial voids with ATO sol-gel by a multi-step spin coating process, and 
then etching away the SiO2 template. Figure 11(a) shows the ATO inverse opal 
scaffold at this stage.  After etching, a final ATO spin coat step was applied to fill 
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any nanopores in the scaffold, improving conductivity and adhesion to the 
substrate.  The ATO scaffold was then coated with a conformal TiO2 interlayer and 
Fe2O3 absorber using the same procedures used for planar films, resulting in the 
structures shown in Figure 11(b).  
 
 
 
 
 
 
 
 
 
 ATO was selected as the scaffold material for several reasons.  Unlike FTO, 
ATO can be processed completely using sol gel chemistry.  ATO has wide band 
gap, so is transparent to visible light. Since FTO and ATO are both variations of 
SnO2, the FTO/ATO and ATO/TiO2 interface are expected to be of good quality. 
The conductivity of ATO was reported to reach a maximum when 
Figure 3.11. (a) Top-view SEM image of ATO inverse opal scaffold deposited by sol-gel, after 
etching away silica spheres but before final ATO treatment. (b) Cross sectional, colorized SEM 
image of hematite-coated inverse-opal scaffold. The distinct structure of hematite demonstrates 
conformal coating. 
a) 
b) 
 500 nm 
 200 nm 
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Sb/(Sb+Sn)=0.07, which was the ratio used here.  The sheet resistance of a 250 nm 
thick ATO film was 15x higher than FTO of similar thickness (15 ohms/sq), but 
more than 30x less than undoped SnO2 prepared by the same sol gel method. For 
these reasons, ATO provided a straightforward pathway to extend the work on 
planar films described above to nanostructured scaffolds [40, 42, 43].  
Planar ATO films were inserted to form an Fe2O3/TiO2/ATO/FTO stack that 
was tested for PEC performance.  For such stacks with a 50 nm ATO film, 60 SILAR 
cycles of Fe2O3, and 775 °C anneal, the LSVs under 1 sun illumination were almost 
identical to control samples without ATO, as shown in Fig. 3.12.  This test indicates 
that ATO is an appropriate scaffold candidate with sufficient conductivity and 
interface quality.  
 The 3D ATO scaffold increases the photocurrent compared to planar films 
due to improved light harvesting without sacrificing charge collection efficiency, 
as shown in Figure 3.12.  Photocurrent increased by 78%, to 0.40 mAcm-2, at 1.23 
VRHE. This improved current density is in good agreement with simple geometric 
arguments, which predict an 85% increase in surface area for a close-packed 
monolayer of spheres whose pores are filled to half their height. PEC performance 
with our solution-processed structure is comparable to previously reported values 
for hematite on an ITO inverse-opal prepared by atomic layer deposition [21]. We 
expect that further increases in PEC performance will arise from the design of 
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scaffolds with increased surface area, as well as application of surface treatments 
to improve OER efficiency. 
 
 
 
 
 
 
 
3.4. Summary and conclusions 
In this chapter, three key contributions to furthering PEC water splitting 
using hematite photoanodes were reported.  First, a new FeCl3-containing recipe 
for hematite thin film fabrication by SILAR was presented.  SILAR with FeCl3 
allows deposition of uniform hematite films with well controlled thickness.  
Second, TiO2 underlayers and different annealing temperatures were found to 
affect PEC performance through their influence on the Ti and Sn concentration 
profiles throughout the film.  Their most significant role is passivation of surface 
recombination to enable more efficient interfacial hole transfer, and hence OER, at 
the hematite-liquid junction.  OER was not measurable when no Ti or Sn was at 
the surface and increased with the presence of some dopants at the hematite 
Figure 3.12. LSV curves of the 3D inverse opal Fe2O3/TiO2/ATO/FTO (black, solid), 2D planar 
Fe2O3/TiO2/ATO/FTO (black, dashed), and planar Fe2O3/TiO2/FTO (gray, solid) structures 
under 1-sun illumination.  All samples used 60 cycles of Fe2O3. 
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surface.  However, in some cases excessive quantities of dopant inhibited OER and 
reduced photocurrent. Third, the use of ATO inverse opal scaffolds to support 
extremely thin hematite films increased photocurrent in proportion to the increase 
in surface area. The small local coating thickness maintains charge separation 
efficiency, while the host guest architecture enables enhanced light absorption 
through nanostructuring.  These studies provide guidance for future work in 
designing dopant composition and nanostructured architectures for efficient PEC 
water splitting with hematite. 
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the “we”-form. 
 
Chapter 4. Solution incorporation of Ti and addition of an 
FeOOH overlayer†§ 
4.1. Introduction 
Although there is widespread agreement that doping with Ti improves the 
water splitting performance of hematite, the cause of the improvement has been 
attributed to different mechanisms. For example, Tang et. al. attributed improved 
PEC performance to increased crystallinity and electron concentration in films 
deposited by RF magnetron sputtering [76]. Glasscock et. al. explained the 
improved performance by a catalytic effect on the water oxidation kinetics in 
reactive DC magnetron sputtered films [83]. Zandi et. al. observed performance 
enhancement in films grown by atomic layer deposition (ALD) only at extremely 
small film thickness (≤20 nm). They attributed this improvement to reduction of 
charge trapping at the FTO/hematite interface and increased activity of the 
hematite surface, diminishing the so-called “dead layer” effects observable in 
ultrathin films [32, 64]. Kim et. al. also observed improved performance primarily 
in ultrathin films grown by ALD, and suggested that suppressed surface 
recombination and increased carrier collection was due primarily to more severe 
band bending in the space charge (depletion) layer [84]. 
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Given the different fabrication methods employed in these and other 
studies, the differing conclusions do not necessarily indicate contradictory 
findings. Indeed, a recent exhaustive review of Ti incorporation into hematite 
indicated that the role of Ti depended strongly on the deposition method [59]. In 
solution-deposited hematite, high levels of doping are often necessary to achieve 
appreciable photocurrent [34]. However, Ti doping in solution-deposited hematite 
has yet to be studied systematically and in planar geometry, which is ideal for 
identifying the precise roles of dopants.  
While intense efforts to improve the photoactivity of hematite with dopants 
and nanostructuring has produced promising results, the large applied bias 
required to drive the OER remains a critical barrier to efficient water splitting [29]. 
Applying various overlayers to the surface of hematite films has yielded some 
success, resulting in 100 to 300 mV reductions in the onset potential [20, 85]. 
Recently, much interest has been generated by iron and nickel oxyhydroxide 
electrocatalysts due to their low overpotential and high quality interface with 
metal oxide semiconductors [86–88]. Iron oxyhydroxide (FeOOH), in particular, 
has been applied to hematite photoanodes, resulting in improved performance 
regardless of the fabrication method [89–91]. However, the specific cause of the 
improvements remains in question. In principle, there are several ways these 
overlayers can improve the performance of hematite films [92]. For example, Ye 
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et. al. reported the synthesis of FeOOH nanospikes, and attributed a higher plateau 
photocurrent to a significant catalytic effect of the FeOOH [90]. Carbonare et. al. 
reported deposition of FeOOH on hematite nanorods, and suggested improved 
hole trapping in surface reactive states is responsible for a decreased onset 
potential [89]. However, Choi and co-workers deposited FeOOH on 
nanostructured BiVO4, and attributed the improved photocurrent primarily to 
passivation of surface states at the semiconductor/electrolyte interface [92, 93]. It 
is necessary to understand the fundamental physical effect of the FeOOH 
overlayer to fully utilize its promise. In each of the studies, nanostructured 
electrodes were used to maximize photocurrent, but application of overlayers 
(nanostructured or planar) can alter the active surface area and depletion region 
to a significant degree. These complex geometries, therefore, are not ideal for 
discovering the underlying role of FeOOH, and the need for a systematic study 
with constant geometry is clear. 
Analysis of PEC water splitting with hematite is made more complex by the 
lack of agreement on the role of surface states. Klahr, Hamann, and others have 
argued that these surface states serve as specific chemical intermediates in the 
water oxidation reaction [66, 78, 88, 94], while Barroso, Le Formal, and others 
suggest that they act primarily as recombination centers that compete with the 
water oxidation reaction [85, 95–97]. It is also possible that some surface states are 
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integral to the water splitting process, while others are harmful [69]. Clarifying the 
roles of these surface states is essential to understanding the effects of surface 
modifications and continuing improvement of the water splitting performance of 
hematite photoanodes. 
Herein, we report on the effects and mechanisms of Ti-doping and FeOOH 
overlayers by investigating pure and Ti-doped planar hematite thin films with and 
without an FeOOH overlayer. Films were synthesized by successive ionic layer 
adsorption and reaction (SILAR). The constant geometry and composition of these 
planar thin films serve as excellent model systems to investigate the roles of Ti 
dopants and FeOOH overlayers [25]. Utilizing hole scavengers, electrochemical 
impedance spectroscopy (EIS), and structural characterization techniques, we 
show that Ti doping significantly improves hole delivery to the 
hematite/electrolyte interface, resulting in substantially increased water oxidation 
kinetics. In addition, we show that FeOOH overlayers play no notable catalytic 
role, but instead increase the density of active surface species capable of 
participating in the water oxidation reaction. As a result of these modifications, 
optimized 45 nm thin film electrodes were synthesized with high photocurrent 
densities of 0.85 mAcm-2 at 1.23 VRHE. 
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4.2. Experimental methods 
4.2.1. Material Fabrication 
 FTO/glass (TEC 15, Pilkington) substrates were cleaned by sequential 
sonication at 60 °C for 15 min in 20% Contrad 70 (Decon Laboratories), acetone-
ethanol solution, and 1 M HCl, followed by multiple rinses in DI water and drying 
under a nitrogen stream. Hematite films were deposited by modifying our 
previously reported recipe [25]. Thin films of iron(III) oxyhydroxide were 
deposited on the substrates by repeated SILAR (nanoStrata, Strato Sequence VI) 
cycles, followed by annealing to convert to hematite. One deposition cycle was 
defined as immersion in (1) cation solution, (2) DI water rinse, (3) anion solution, 
(4) DI water rinse, and drying for 7 s under an air stream. Each immersion step 
lasted for 10 s. The cation solution was 0.05 M FeCl3 (97%, Sigma-Aldrich) in 
ethanol with 1.75 µL concentrated HCl per 1 mL solution. For titanium 
incorporation, titanium isopropoxide (98%, Sigma-Aldrich) was added to the 
cation solution. By varying the amount of titanium isopropoxide added to 
solution, different concentrations of Ti-doped samples were fabricated. For 
example, adding 155.7 µL of titanium isopropoxide to 200 mL of solution resulted 
in a 5% Ti/(Ti+Fe) cation precursor. Because the actual atomic concentration of Ti 
in the films is not known for all samples, we use “solution%” or “s%” to refer to 
Ti concentration in the cation solution for SILAR. As we show by XPS, 5 s% Ti 
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corresponds to ~4.2 atomic%. The anion solution was 0.1 M NaOH in water. The 
anion and rinsing solutions were replaced every 30 cycles to prevent particle 
formation that could lead to nonplanar films, and the cation solution was 
replenished every 60 cycles to account for solvent evaporation. To obtain fully 
oxidized α-Fe2O3 with desirable PEC performance, the samples were annealed in 
air using a box furnace at 450 °C for 1 hr and then at 600 °C for 30 min. The average 
heating and cooling rates were ~35 and 10 °C min-1, respectively. For films with an 
FeOOH overlayer, iron oxyhydroxide was deposited via SILAR and heated at 200 
°C for 1 hr to improve stability. The annealing treatment used here is significantly 
more mild than conditions used in our previous work [25] (Chapter 3) and 
commonly found in the literature, which frequently exceed 775 °C [69, 98]. 
4.2.2. Film Characterization 
 The absorption spectrum for each sample was determined by measuring 
both transmission and diffuse reflection using a PerkinElmer (Shelton, CT) 
Lambda-950 UV/visible/NIR spectrometer equipped with a Labsphere, Inc. (North 
Suttin, NH) 60 mm diameter diffuse-reflectance integrating sphere. 
 Films were imaged using scanning electron microscopy (SEM, Zeiss Supra 
50 VP) at 5.0 kV. Film thickness measurements were obtained using cross-sectional 
micrographs of the film. 
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 Grazing-incidence X-ray diffraction (GIXRD) was conducted on thin film 
samples at incidence angles ranging from 0.3° to 0.8° using a Rigaku SmartLab 
diffractometer equipped with Cu Kα X-ray source excited at 40 kV and 44 mA. 
Diffractograms were acquired using parallel beam in-plane optics with a step size 
of 0.050° and analysed with Fityk software [47]. Instrumental broadening for 
determination of crystallite size was obtained from the (100) peak of ZnO 
nanowires with crystallite size >100 nm. 
 X-ray photoelectron spectroscopy (XPS) measurements were performed on 
a Physical Electronics VersaProbe 5000 with a monochromatic Al Kα X-ray source 
operated at 15 kV and 25 W. The X-ray spot size was 100 µm. Depth profiling was 
performed by argon sputtering at 2 kV and 2 µA within a 2 mm × 2 mm area. Data 
analysis and peak fitting were completed using CasaXPS software with the relative 
sensitivity factors provided by the equipment manufacturer. Metallic elements 
were assigned Shirley-type background while nonmetals were assigned linear 
background. Peaks were fitted with 70% Gaussian–30% Lorentzian line shape. All 
spectra were corrected by adjusting the adventitious C–C 1s peak to 285.0 eV. 
4.2.3. Photoelectrochemical Characterization 
 All samples were masked with electroplater’s tape that contained a 0.38 cm2 
(7 mm diameter) hole to define the active area. The samples were examined in 
contact with a 1 M NaOH (pH 13.6) electrolyte. A saturated Ag/AgCl electrode 
   55 
 
 
(ThermoScientific, Orion 90-02) was used as a reference electrode, and a platinum 
coil was used as the counter electrode. All potentials were converted to the 
reversible hydrogen electrode (RHE) scale as described in Section 3.2.3. 
PEC measurements were performed with a Gamry potentiostat and 
electrochemical software. To collect linear sweep voltammograms, an increasingly 
anodic bias was applied at a rate of 50 mVs-1. Electrochemical Impedance 
Spectroscopy (EIS) data were collected using a 10 mV amplitude perturbation 
between 10,000 and 0.1 Hz, and was fit to equivalent circuits with the simplex 
algorithm, as described in the text, using Gamry software. The light source was a 
300 W Xe arc lamp (Newport). An AM 1.5G filter (Newport) was used to simulate 
the solar irradiation spectrum, and the power was calibrated to 100 mWcm-2 (1 
sun) using a thermopile detector. Light was incident through the 
semiconductor/electrolyte interface. A custom-made glass electrochemical cell 
(Starna Cells Inc.) with quartz windows housed the electrodes and electrolyte for 
all measurements. 
4.3. Results and discussion 
To evaluate the effect of Ti doping, measurements of current density versus 
applied voltage (JV) were performed with ~45 nm thick (90 SILAR cycles) hematite 
films at various Ti solution% in contact with 1 M NaOH electrolyte under 1 sun 
illumination. Significant improvement in the photocurrent density for the Ti-
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doped films was observed, in good agreement with several literature reports [32, 
76, 83, 84]. Fig. 4.1a shows the current density sampled at 1.23 and 1.4 VRHE as a 
function of Ti s%. The photocurrent response increases from nearly zero without 
Ti to a maximum of ~0.6 mAcm-2 at 1.23 VRHE with 5 s% Ti, then decreases 
significantly at 6 s%, which is similar to the trend observed in our previous report 
[25]. In addition to improved photocurrent density, the onset potential (Von) 
shifted slightly from ~1.0 VRHE (1.5 s%) to ~0.92 VRHE (6 s%), indicating a possible 
surface effect of the Ti-doping (Fig. B1a). However, an anodic shift of ~0.2 V was 
observed in the dark onset as well.  
Additional 5 s% Ti photoanodes with thickness ranging from 30 to 180 
SILAR cycles (~15–90 nm) were prepared to determine the effects of film thickness, 
as shown in Fig. B1(b,c). Under these sample conditions, photocurrent increases 
through a thickness of ~45 nm (90 SILAR cycles), but then decreases rapidly for 
thicker films. Because Ti incorporation is nominally equivalent for each film 
thickness, we can neglect possible surface effects. Instead, the optimal film 
thickness of ~45 nm is likely due to a balance between increased absorption and 
carrier recombination. The region near the substrate interface may have higher 
density of defects and grain boundaries, such that a thicker film enables the entire 
hole collection length to be outside this more defective region, while films that are 
too thick are limited by electron collection.  We note that ~45 nm films remain thin 
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enough to be readily applied to high surface area scaffolds necessary for efficient 
light collection and charge separation [21, 29, 81]. 
In order to further increase photocurrent, an ultrathin (~2 nm, 4 SILAR 
cycles) FeOOH overlayer was applied to 5 s% Ti films, resulting in a slight decrease 
in Von and an improvement in the plateau photocurrent to 0.85 mAcm-2 and ~1.0 
mAcm-2 at 1.23 and 1.50 VRHE respectively (Fig. 4.1b). No further improvement with 
larger FeOOH thickness was observed, but thinner layers resulted in a non-
continuous film. The high plateau photocurrent of these photoanodes represents 
a 3x improvement over our previous report of SILAR-deposited hematite [25], and 
it is comparable with record performance for planar hematite regardless of 
thickness or fabrication method [69, 98]. 
 
 
 
 
 
 
 
 
 Figure 4.1: (a) Current density vs. Ti/(Ti + Fe) solution% at 1.23 and 1.40 VRHE. Error bars 
represent standard deviations with sample size n ≥ 4. (b) Fe2O3, and 5 solution% Ti:Fe2O3 
with and without an FeOOH overlayer. All hematite film thicknesses are 90 SILAR cycles (~45 
nm); FeOOH layer is 4 SILAR cycles (~2 nm). 
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To determine the stability of the photoanodes, the photocurrent was 
monitored at 1.23 VRHE for 5.5 h. The photocurrent of the 5 s% Ti photoanode with 
and without the FeOOH overlayer decreased by ~16%  and ~17% respectively in 
the first 2.5 hours, and subsequently remained stable for the duration of the 
measurement, as shown in Fig. B2. The difference (~1%) is within experimental 
error, indicating FeOOH is not a source of additional performance loss over 
several hours. The excellent stability of the FeOOH overlayer here is in agreement 
with previous reports of FeOOH deposited by electrodeposition methods [87, 90, 
93].  
Improved photocurrent response from Ti-doping has been generally 
attributed to a combination of improved bulk material properties (resulting in 
increased carrier collection) and surface properties (resulting in increased water 
oxidation efficiency). Beneficial bulk properties can arise from increased electrical 
conductivity due to increased donor concentrations [62], improved crystallinity 
[76], or from the mitigation of charge trapping at the hematite/FTO interface 
caused by defects and grain boundaries that arise from lattice mismatch [32]. 
Improved water oxidation efficiency has generally been attributed to the 
passivation of surface traps, but catalysis of the water splitting reaction is also 
possible. The FeOOH layer may increase photocurrent by catalyzing the OER, as 
has been reported for FeOOH on hematite and on buried junction photovoltaic 
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cells [51, 90, 91]. However, reports of FeOOH deposited on BiVO4 photoelectrodes 
have revealed a surface passivation effect as well [87, 93]. In order to elucidate the 
role of Ti-doping and an FeOOH overlayer, systematic investigations were carried 
out with constant film thickness and morphology, as discussed below. 
  XPS depth profiles were conducted to determine the chemical composition 
and dopant distribution within the film. Fig. 4.2 shows atomic concentration as a 
function of sputter time (depth) for 5 s% Ti. The film shows a ~4.2% Ti atomic 
concentration which is approximately constant throughout the bulk. Fe is present 
in the film at 35–40%. Thus, actual Ti/(Ti+Fe)% in the film (~10%) is roughly double 
the s% in the SILAR cation bath (5 s%). We note that incorporating 4.2 at% Ti 
corresponds to a Ti density of ~8 × 1020 atoms cm-3. We later calculate a dopant 
density of ~2 × 1020 cm-3, in rough agreement with what would be expected if Ti 
acts as an electrical dopant. At the surface, ~7% Ti is observed, which is nearly a 
factor of two greater than the concentration of Ti in the bulk. This enhancement is 
in accordance with our previous report of Ti-doped hematite via solid-state 
diffusion [25]. Ti 2p, as well as Sn 3d, detail spectra are shown in Fig. B3. The Ti 
2p peaks are centered at 458.5 eV throughout the depth of the film, which 
corresponds to the Ti4+ state. Each peak can be fitted with one component with 
small FWHM, indicating a single oxidation state for Ti. Sn is also present in the 
film due to diffusion from FTO during the annealing process. However, its effects 
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on water oxidation performance would be similar across samples, as diffusion 
doping is expected to occur to equal extent in Ti-doped and pure hematite films. 
  
 
 
 
 
 
In order to check that Ti doping was not simply altering electrode thickness 
(increasing the growth rate of hematite or affecting surface morphology), the band 
gap, or absorption coefficient to a significant degree, all of which could increase 
the current density, SEM images and UV-Vis absorption spectra were collected for 
both pure and doped hematite films. SEM images (Fig. B4) reveal conformal 
coating and a ~5 Åcycle-1 growth rate regardless of the level of Ti doping, resulting 
in ~45 nm thick films for all sample types. Because dead layer effects only persist 
up to ~20 nm [32, 99], photocurrent improvement upon Ti-doping must be due to 
some other mechanism. Fig. 4.3 shows the absorption spectra of undoped and 5 
s% Ti hematite films with and without the FeOOH overlayer. The absorption onset 
at just under 600 nm is consistent with the hematite band gap of ~2.1 eV. No 
significant difference in absorption was observed between pure and Ti-doped 
Figure 4.2: Depth profile of the atomic concentration of 5 s% Ti:Fe2O3 as determined by X-ray 
photoelectron spectroscopy (XPS).  
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Fe2O3, and the lack of change in absorption with FeOOH is consistent with the 
expectation for an ultrathin film.  
  
 
 
 
 
 
GIXRD, in Fig. 4.4, confirms the presence of hematite, with characteristic 
diffraction peaks at 33.2° and 35.6° corresponding to (104) and (110) hematite 
reflections, respectively. Peak positions are identical for various s% Ti, indicating 
that Ti-doping does not influence crystallinity. The α-Fe2O3 peaks do not change 
position or relative intensity with grazing incidence angle, which indicates the 
hematite phase is present throughout the film thickness. The relative intensity of 
the two peaks matches the JCPDS powder spectrum, confirming there is no 
preferential alignment or texture of the film regardless of s% Ti.  
 
 
 
 
Figure 4.3: Absorption spectra for 90 SILAR cycle Fe2O3 and 5 s% Ti:Fe2O3 with and without 
an FeOOH overlayer. 
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Figure 4.4: Grazing-incidence X-ray diffractograms of 0, 3, 5, and 10 s% Ti/(Ti+Fe) Ti:Fe2O3 
thin films. 
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Therefore, Ti does not alter hematite orientation, which has been shown to 
influence photocurrent [100]. The (104) diffraction peaks were fitted with pseudo-
Voigt line shape, and FWHM was used to determine the crystallite size according 
to the Scherrer equation. The crystallite size, corrected for instrumental 
broadening, is ~42 nm regardless of s% Ti. These values are close to the film 
thickness of ~45 nm, indicating a high degree of crystallinity in the films. Because 
both crystallite size and peak position are roughly identical in both pure and 
doped hematite, we conclude that Ti is not enhancing PEC performance via 
improved crystallinity or strain-dependent conductivity. 
 To quantify the effect of titanium incorporation and the inclusion of an 
FeOOH overlayer, wavelength-resolved quantum efficiencies and JV curves were 
collected in a hole-scavenging electrolyte containing both 0.5 M H2O2 and 1 M 
NaOH, as described in Chapter 3.  
APCE plots in hole scavenging electrolyte for pure Fe2O3 and for Ti-doped 
Fe2O3 with and without an FeOOH overlayer at 1.23 VRHE are shown in Fig. 4.5a. 
IPCE data from which this figure is derived are shown in Fig. B5. Collection 
efficiency is highest at short wavelengths (48% at 380 nm for 5 s% Ti) since photons 
are absorbed and generate electron-hole pairs closer to the front surface.  
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APCE decreases as the wavelength increases and holes are generated deeper into 
the film. With 5 s% Ti, the hole delivery to the surface is increased by 2–3x 
compared to pure Fe2O3. At wavelengths >540 nm, 5 s% Ti induces additional 
enhancement relative to pure hematite. Kim et. al. previously attributed similar 
behavior to reduced recombination of holes generated by the Fe(3d)→Fe(3d) 
photoexcitation, which occurs above 550 nm [84]. As expected, the presence of an 
FeOOH overlayer does not have any significant effect on the efficiency of hole 
delivery to the surface.  
Separation efficiency under white light illumination is plotted as a function 
of applied voltage in Fig. 4.5b. For both pure and Ti-doped films, separation 
Figure 4.5: (a) APCE plots of Fe2O3 
and 5 s% Ti:Fe2O3 with and without 
an FeOOH overlayer at 1.23 VRHE in 1 
M NaOH | 0.5 M H2O2 hole 
scavenging electrolyte, (b) Charge 
separation efficiency under white-
light illumination at varied applied 
bias, (c) Charge injection efficiency 
under white-light illumination at varied 
applied bias. Color scheme for all 
panels follows that in (b). 
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efficiency increases with applied voltage because the depletion width increases. 
However, separation efficiency is only ~20% even in the best cases, indicating that 
charge separation is a significant limitation of photocurrent. At lower applied 
voltages, the inclusion of titanium hinders charge separation. Above ~0.75 VRHE, 
separation is improved by the presence of 5 s% Ti, eventually reaching ~20% at 
1.23 VRHE, which is twice that of pure hematite films. Separation efficiency for 
varying s% Ti films are shown in Fig. B6. The trend in Fig. B6 is similar to that in 
Fig. 4.1a, suggesting that balancing possible improvements with reduced mobility 
from impurity atoms in the hematite lattice is necessary for optimal photocurrent. 
No change in bias-dependent separation efficiency is observed with the inclusion 
of an FeOOH overlayer.  
Injection efficiency under white light illumination is plotted as a function 
of applied voltage in Fig. 4.5c. Titanium incorporation substantially improved 
injection efficiency, which increased from nearly zero to above 75% at 1.23 VRHE. 
Adding an FeOOH overlayer improves hole injection to nearly 100% at 1.23 VRHE, 
in accord with the photocurrent improvement in standard electrolyte (Fig. 4.1b).   
EIS was performed to further evaluate the role of Ti-doping and FeOOH 
overlayer in enhancing the charge separation and injection efficiency of hematite 
films. The equivalent circuit model, shown in Fig. 3.10c, was originally reported 
by Hamann and Bisquert for hematite deposited by atomic layer deposition, and 
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has been used extensively in the literature [20, 21, 78, 79, 101]. This model assumes 
that charge transfer across the semiconductor/electrolyte interface occurs through 
a trap state, and therefore includes the capacitance of the bulk hematite film (Cbulk), 
a resistance to electrons recombining with holes in the surface trap state (Rrec), a 
capacitance of the surface state (Css), and a charge transfer resistance from the 
surface states to the electrolyte (Rct,ss).  
 
 
 
 
 
 
 
Characteristic Nyquist plots measured under illumination at an applied 
potential of 1.0 VRHE are shown in Fig. 4.6a for Fe2O3 and for 5 s% Ti-doped Fe2O3 
with and without an FeOOH overlayer. At this potential, each sample shows two 
clear semicircles, consistent with the 2-RC equivalent circuit model for water 
oxidation. However, the resistance of the low-frequency (right-most) semicircle 
associated with Rct,ss is significantly reduced in Ti-doped films, indicating a strong 
influence of Ti on interfacial kinetics.  The charge transfer resistance is further 
Figure 4.6: (a) Nyquist plot measured at 1.0 VRHE under 1 sun illumination and (b) Rtot measured 
from JV curves and fitted parameters from the equivalent circuit shown in 3.10(c) for Fe2O3 and 
for 5 s% Ti:Fe2O3 with and without an FeOOH overlayer. Color scheme in (a) also applies to 
(b). 
a b 
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reduced in the presence of FeOOH. The total resistance from EIS (Rtot=Rs+Rrec+Rct,ss) 
matches that calculated from the JV curves (Rtot=dV/dJ), as shown in Fig. 4.b. Rtot 
from EIS and JV curves are in good agreement, indicating that the main resistances 
that control photocurrent are represented in the electrochemical impedance 
spectra.  
Fitting the EIS data yields the equivalent circuit parameters compiled in Fig. 
4.7 and 4.8 for pure and Ti-doped hematite with and without an FeOOH overlayer. 
Cbulk values increase dramatically for Ti-doped films, and decrease with 
increasingly anodic applied potential, as expected for the Mott-Schottky (MS) 
response of an n-type semiconductor. MS plots were prepared from Cbulk values 
measured under dark and illuminated conditions, shown in Fig. 4.7a. Derived flat 
band potentials of 0.4–0.5 VRHE were obtained, which falls within the fairly large 
range of reported Vfb for hematite, and is consistent with Chapter 3 [20, 25, 98]. A 
~100 mV cathodic shift in Vfb was observed upon Ti-doping, consistent with our 
previous report [25]. No shift in Vfb was observed with the addition of an FeOOH 
overlayer, in accord with the work of Carbonare et. al. [89], but in contrast to Yang 
et. al. [91]. The FeOOH overlayer utilized here may be too thin (~2 nm) to 
appreciably alter Vfb. The dopant density, ND, was derived from the slope of the 
MS plots, resulting in values of 8.9 × 1018 cm-3 and 1.7 × 1020 cm-3 and corresponding 
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to depletion widths of ~17 nm and ~4 nm for pure and Ti-doped hematite, 
respectively, at 1.23 VRHE. 
 
 
 
 
 
 
 
 
 
 
From these data, we are able to gain insight into the dynamic effect of Ti on 
charge separation efficiency (Fig. 4.5b). Ti substantially increases the majority 
carrier (electron) density, so photogenerated holes are more likely to recombine 
with free electrons. At low applied voltages, this effect dominates, leading to 
reduced separation efficiency (Fig. 4.5b) and resistance to recombination (Fig. 
B7a). As the applied voltage increases, Ti incorporation becomes beneficial to 
charge separation. The reduction in depletion width with Ti doping at a given 
voltage corresponds to significantly more severe band bending in the depletion 
Figure 4.7: (a) Inverse square bulk capacitance 
measured in the dark (closed symbols) and 
under 1 sun illumination (open symbols) for 
Fe2O3 and 5 s% Ti:Fe2O3 with and without an 
FeOOH overlayer. (b) Calculated absorption in 
the depletion layer (solid lines) and in the 
collection length including both the depletion 
layer and a 3 nm diffusion length (dotted lines) 
at 1.23 VRHE. (c) Ratio of measured charge 
separation to maximum charge separation in 
collection length (depletion width plus diffusion length) for Fe2O3 and 5 s% Ti:Fe2O3. Data in (c) 
fitted to a Boltzmann distribution. Color scheme in (a) applies to all panels. 
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region, and a 4–5x increase in the average strength of the electric field. The 
associated higher drift velocity results in enhanced charge separation within the 
depletion region. However, the smaller depletion width also results in a 
significantly smaller number of photons being absorbed in the depletion region. 
To quantify this effect, the absorption in the depletion region was calculated 
from the absorptivity derived from Fig. 4.3, and is shown in Figure 4.7b for pure 
and Ti-doped hematite at 1.23 VRHE and in Fig. B8 for a series of applied voltages. 
Convoluting the absorption with the AM1.5 spectrum indicates that 42% of the 
photons absorbed in the entire 45 nm film are absorbed within the 17 nm depletion 
width for pure Fe2O3, compared to only 11% for Ti:Fe2O3 which has the same 
absorptivity but a depletion width of only 4 nm at 1.23 VRHE. If only photons that 
were absorbed within the depletion region contributed to photocurrent, then the 
separation efficiency for the 5 s% Ti film would be ≤11% at 1.23 VRHE. However, the 
separation efficiency is ~20%, which is roughly double the expected value. 
Therefore, we conclude that Ti enables near-unity collection of carriers generated 
within the depletion region, as well as collection of some carriers generated 
outside the depletion region. For the separation efficiency to reach ~20%, all holes 
generated within ~7 nm of the surface should be collected, which indicates that 
holes must have diffusion lengths (LD) of ~3 nm, in agreement with previous 
literature reports [29, 77]. 
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Fig. 4.7c shows the ratio of the experimental separation efficiency to the 
maximum separation efficiency possible if all carriers generated within WD+LD 
were collected. For pure Fe2O3 films, only ~20% of the carriers generated within 
WD+LD are collected, regardless of applied voltage. In contrast charge separation 
within WD+LD reaches unity above 1.0 VRHE for 5 s% Ti-doped films. This applied 
voltage corresponds to an average electric field strength of ~0.17 Vnm-1. The data 
for each film type is fit well with a Boltzmann distribution, in agreement with the 
probabilistic nature of charge separation. 
For insight into the hole injection characteristics of the films, the resistances 
and capacitance associated with the surface were analyzed. Css of Ti-doped films, 
Fig. 8a, showed a considerable buildup of charge near the onset potential of the JV 
curve that corresponds to the Rct,ss minima at ~1.0–1.1 VRHE (Fig. B7b). An analysis 
of the dynamics of water oxidation revealed that the kinetic parameter for charge 
transfer is proportional to the ratio Rrec/Rct,ss [102]. For each photoanode type, Von 
occurs when the Rrec/Rct,ss ratio is between 0.01 and 0.1, consistent with the 
observation by Zandi et. al. [98]. Therefore, the 1–2 orders of magnitude increase 
in this ratio with Ti-doping indicates strongly increased water oxidation kinetics 
with Ti-doped hematite films, which is in good agreement with the improvement 
in hole injection efficiency (Fig. 4.5c). This may be due to a higher fraction of iron 
species capable of participating in water oxidation, as has been suggested 
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previously [32], but a more succinct description comes from considering the 
improved delivery of holes to the surface (Fig. 4.5a-c) and the concomitant rise in 
Css. At Von (0.90 VRHE, or 0.50 V vs. Vfb), Css reaches a value of ~35 µFcm-2 for 5 s% 
Ti films, corresponding to a surface hole density of ~1.1 nm-2.  
 
 
 
 
 
 
 
 
 
 
 
A recent rate law analysis of water oxidation on hematite surfaces revealed a 
strong dependence on the density of photogenerated holes at the hematite surface 
[103]. Le Formal et. al. suggest that the reaction transitions from a slow, first-order 
reaction at low hole accumulation (<1 nm-2) to a third-order reaction for surface 
hole densities above 2 nm-2. In their case, increasing the surface hole density from 
Figure 4.8: (a) Surface state capacitance (Css), and (b) ratio of recombination resistance (Rrec) 
to surface state charge transfer resistance (Rct,ss) for Fe2O3 and 5% Ti:Fe2O3 with and without 
an FeOOH overlayer. Data were collected under 1 sun illumination.  Hole density curves in (a) 
were calculated assuming a flat band potential (Vfb) of 0.4 VRHE. Color scheme in Fig. 4.7(a) 
applies to all panels here. Error bars represent standard deviations with sample size n ≥ 4. 
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<1 nm-2 to 2 nm-2 resulted in a 20-fold increase in rate.  The density of iron atoms 
on the hematite surface is ~8 atoms nm-2 [103–105], and each iron surface atom has 
three to four closest neighboring metal atoms [29]. Thus, photocurrent onset, and 
the transition from first to third order dependence, occurs when oxidized iron 
atoms first begin to have a nearest neighbor metal atom that is also oxidized. We 
therefore attribute increased water oxidation kinetics and the corresponding 
significant photocurrent improvement with Ti-doping to improved delivery of 
holes to the hematite surface. 
The addition of an FeOOH overlayer to 5 s% Ti hematite films results in a 
slight decrease in Von and ~40% increase in the plateau photocurrent (Fig. 4.1b). 
The decrease in Von may be attributed to the lower potential required to reach the 
critical hole surface density of >1 nm-2. Otherwise, no significant change in Rct,ss 
and Rrec is observed, indicating that FeOOH plays no catalytic role in the oxidation 
of water. However, the magnitude of the Css peak increased by 4x compared to 
Ti:Fe2O3 without FeOOH, suggesting that improved segregation of holes into 
water oxidation intermediates is responsible for the improved photocurrent 
response with an FeOOH overlayer. We note that the Css peak of 190 µFcm-2 at 1.0 
VRHE (0.60 V vs. Vfb) corresponds to a surface hole density of ~7 nm-2, which 
indicates that nearly every surface iron atom is oxidized. This interpretation is in 
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agreement with the injection efficiency shown in Fig. 4.5c, which is expected to 
reach 100% once all possible surface species are oxidized. 
Previous studies have suggested that oxidation of Fe(III)–OH terminations 
to Fe(IV)=O species is the first step in water oxidation [66, 78]. FeOOH, an 
amorphous hydrated oxide, easily undergoes the proton-coupled electron transfer 
leading to the reactive surface intermediate Fe(III)–OH. Therefore, the increased 
Css peak with FeOOH may be due to an increased fraction of active Fe(III)–OH at 
the hematite surface, which is consistent with the analysis by Carbonare et. al. [89]. 
4.4. Summary and conclusions 
 In this chapter, I explored the enhanced photoelectrochemical water 
splitting properties of SILAR-deposited, Ti-doped hematite thin films with an 
FeOOH overlayer. Incorporation of Ti impurities into the hematite lattice nearly 
doubled the efficiency of hole delivery to the surface by enhancing charge 
separation within the depletion region as well as enabling collection of some holes 
generated outside the depletion region. Surface-trapped holes act as water 
oxidation intermediates; and improved delivery of holes to the surface also 
resulted in improved OER kinetics with Ti because it enables a critical surface hole 
density of more than 1 nm-2 to be attained, which results in a dramatic change in 
the reaction rate law. The FeOOH overlayer efficiently segregated an even higher 
fraction of holes into water oxidation intermediates, resulting in near-unity hole 
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injection efficiency. However, no catalytic effect could be attributed to FeOOH 
because the critical hole density (~1–2 nm-2) required for the transition to higher 
order OER kinetics had already been reached. This study provides insight into the 
nature of improvements induced by dopants and overlayers on hematite thin 
films, and demonstrates a simple approach to high performance solar water 
splitting with hematite. Because SILAR is a facile solution deposition process with 
tight control over layer thickness and the introduction of dopants, it offers unique, 
rapid insight into the roles of dopants and overlayers. The methods of deposition 
and analysis reported herein may be readily extended to other materials, dopants, 
and overlayers. 
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Chapter 5. Conclusions and outlook 
 Growing energy demand and the increasing need to mitigate climate 
change have driven interest in carbon-neutral and renewable energy generation. 
One attractive strategy for the conversion, storage, and transportation of solar 
energy is storage in the bonds of H2 formed by photoelectrochemical (PEC) water 
splitting. 
 Although it is possible to use many different semiconductors for this 
application, hematite (α-Fe2O3) is a particularly promising option due to its earth 
abundance, low cost, non-toxicity, and appropriate band gap for a theoretical 
solar-to-hydrogen conversion efficiency of >15%. However, poor electrical 
properties and sluggish water oxidation reaction kinetics have limited its 
performance. Moreover, the most efficient hematite-based devices rely on 
expensive vacuum phase techniques that limit scalability. 
In this thesis, I reported three key contributions to advancing hematite as a 
water oxidation photocatalyst. First, I developed a new, solution-based deposition 
method for high quality, planar hematite thin films using successive ionic layer 
adsorption and reaction (SILAR). These SILAR-deposited films are competitive 
with state of the art deposition techniques. Additionally, the constant geometry, 
tight control over layer thickness, and ability to coat high aspect ratio 
nanostructures makes SILAR films an ideal model system to study charge 
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separation and hole transfer. Importantly, this SILAR technique is applicable to a 
broad range of materials and dopants.  
Second, I developed a method to uniformly dope SILAR-deposited films 
with titanium, and many dopants could be studied using this technique. Titanium 
incorporation into hematite improves water splitting performance by enabling 
unity charge separation in the depletion region plus minority carrier diffusion 
length and catalyzes the surface reaction by increasing the density of reactive holes 
at the surface. Because a substantial fraction of the hematite film thickness does 
not contribute to water splitting, this thickness could be reduced for higher 
separation efficiency. Integrating thinner hematite films (~7 nm) with 
nanostructured scaffolds could realize the full potential of hematite, provided 
dead layer effects are avoided. 
Third, I provided insight into the role of FeOOH overlayers for PEC 
applications. FeOOH acts to passivate the surface by enabling longer lifetimes for 
surface trapped holes, but does not act as a water splitting catalyst. Thus, FeOOH 
could be integrated into a system that also incorporates a catalyst overlayer for a 
synergistic effect on the water splitting performance.  
In addition to advancing the performance and understanding of hematite 
photoanodes for water splitting, I also developed a technique in Chapter 4 to 
calculate the minority carrier diffusion length in semiconductors using only facile 
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optical and electrochemical techniques. This method could be used to investigate 
new candidate materials for PEC or photovoltaic applications. 
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Appendix A. Supporting information for Chapter 3 
 
 
Figure A1. XPS detail spectra of 120 SILAR cycle Ti:Fe2O3 film annealed at 775 °C before 
(black) and after (red) taking LSV curves. The Na peak is not present after testing, suggesting 
Na plays no role in the photooxidation of water. 
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Figure A2. (a) Wavelength-dependent LHE, EQE, and IQE for 120 SILAR cycle Ti:Fe2O3 
annealed at 775 °C. (b) LSV curves of 60 and 120 SILAR cycle Ti:Fe2O3 samples annealed 
at 600 °C under front- and back-side illumination. 
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Figure A3. (a-d) LSV curves in 1 M NaOH - 0.5 M H2O2 electrolyte for sample type in figure. 
Color scheme is listed in (d). (e,f) LSV curves in 1 M NaOH – 0.5 M H2O2 electrolyte for each 
sample variation at the thickness noted in the figure. Color scheme listed in (e). 
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Figure A4. (a-d) Dark curves for sample variations listed in figure. 
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Appendix B. Supporting information for Chapter 4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B1: (a) JV curves for 45 nm thick Ti:Fe2O3 samples at 
various Ti / (Ti + Fe). (b) Average current density vs. voltage 
(JV) curves for 5 s% Ti / (Ti + Fe) at various film thicknesses. 
SILAR cycle number corresponds to approximately twice the 
film thickness in nm. (c) Current density at two bias voltages as 
a function of thickness for the sample types in (b). 
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Figure B2: Stability of 5% Ti:Fe2O3 with and without an 
FeOOH overlayer under 1-sun illumination at 1.23 VRHE. 
Figure B3: Detail spectra for Sn 3d and Ti 2p peaks. 
Centers at 486.4 eV and 458.5 eV correspond to Sn4+ 
and Ti4+ oxidation state, respectively. 
Figure B4: Top and side-view SEM images of SILAR-deposited Fe2O3 and varying Ti% 
Ti:Fe2O3 at 90 cycles. Reveals conformal coating (planar on FTO) and growth rate of ~ 5 
Å/cycle. 
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Figure B5: Charge separation (sep %) vs. applied voltage curves for carrying Ti% Ti:Fe2O3 
generated by ߟ௦௘௣ =
௃೛೓
ಹమೀమ
௃ೌ್ೞ
 where ܬ௣௛
ுమைమ is the photocurrent density under 1-sun illumination in 1 M 
NaOH/0.5 M H2O2 (hole scavenging) electrolyte and ܬ௔௕௦ is the current density assuming perfect 
charge collection from absorbed photons. Increased necessary voltage for onset may be due to 
reduced Rrec in the Ti-doped samples (lower resistance to charge transfer between bulk and surface 
state). 
Figure B6: Incident photon-to-current conversion efficiency 
data for Fe2O3, 5 s% Ti:Fe2O3 with and without an FeOOH 
overlayer in hole scavenging electrolyte (0.5 M H2O2 and 1 M 
NaOH in DI water). IPCE divided by absorption is APCE, which 
is plotted in Fig. 5(a) in the main text. 
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Figure B8: Absorption in the depletion layer for 
Fe2O3 (a) and 5 s% Ti:Fe2O3 (b). Note the ~4x 
difference in scale.  Different colors represent 
depletion layer as a function of voltage. Depletion 
width (WD) is given in nm. 
Figure B7: (a) Rrec data for Fe2O3, 5 s% 
Ti:Fe2O3 with and without an FeOOH overlayer. 
(b) Rct,ss data for the same sample types; color 
scheme follows that in (a).  The similarity in 
resistances between the Ti:Fe2O3 samples 
indicates that FeOOH has no surface catalytic 
effect. Color scheme for each panel follows that 
in (b). 
Figure B9: (a) Image of 90 SILAR cycle 5 s% 
Ti:Fe2O3 sample. 
